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engineering  protective  design  guidance  provided  by  earlier  chapters,  applying 
such  data  and  guidance  to  slanting  four  buildings  in  a  total  of  eighteen  modi¬ 
fications  from  the  buildings  as  originally  designed.  The  first  eight  modifica¬ 
tions  are  for  15  psi  design  peak  overpressure  and  related  effects;  additional 
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ter),  and  20  and  30  psi  on  two  others  of  the  four  buildings  ("closed"  shelter). 
Floor  plans  show  both  original  layouts  and  slanting  layouts,  with  the  latter 
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cost  of  each. 

The  second  part  of  the  report,  entitled  Appendix  E  (Room  Filling  from  Air 
Blast),  provides  the  theory,  equations,  and  practical  simplifications  necessary 
to  solve  the  problem  of  estimating  the  behavior  of  air  blast  inside  shelters, 
including  locating  zones  of  drag  pressure  or  wind  hazard  (jet  effect)  and  devel¬ 
oping  the  pressure/time  history  of  the  average  overpressure  buildup  and  subsi¬ 
dence  within  the  shelter  (room  filling).  An  interactive  computer  program 
(FORTRAN)  listing  is  included. 
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Report  for  Defense  Civil  Preparedness  Agency,  August  1971  (AD-762  472). 
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SUMMARY 


This  report  provides  updated  and  expanded  versions  of,  and  thus  re¬ 
placements  for,  Chapter  8  (Slanting  the  Building)  and  Appendix  E  (Room 
Filling  from  Air  Blast)  in  the  latest  of  a  series  of  feasibility  studies* 
on  slanting  (design  modification)  of  basements  in  new  buildings,  to  pro¬ 
vide  shelter  against  combined  nuclear  weapons  effects  -  air  blast  and 
initial  nuclear,  thermal  and  fallout  radiation.  In  addition,  the  Preface 
and  Summary  from  the  feasibility  study  have  been  combined  and  appear  in 
the  pages  following  the  Preface  of  this  report,  in  order  to  give  the 
reader  an  orientation  on  the  purpose  and  results  of  the  full  feasibility 
study.  Another  updating  report^  has  been  published  since  the  latest  com- 
plete  version  of  the  feasibility  study. 

As  in  the  overall  feasibility  study,  the  two  parts  of  this  report 
were  written  solely  for  the  guidance  of  the  design  professionals  (archi¬ 
tects  and  engineers) ,  who  may  be  called  upon  to  design  shelter  to  pro¬ 
tect  people  in  the  basement  of  a  new  building  or  other  adaptable  structure 
situated  below  grade.  This  report,  therefore,  is  not  intended  to  be  a 
comprehensive  or  even  complete  discussion  of  all  aspects  of  the  two  sub¬ 
jects  in  its  title:  It  is  limited  in  scope  to  suit  the  purpose  just  de¬ 
scribed  . 

It  is  emphasized  that  protective  shelter  of  the  kind  contemplated  in 
full  slanting  -  i.e.,  to  protect  against  15  psi  nuclear  air  blast  and  re¬ 
lated  radiation  effects  (or  even  much  lower  than  15  psi)  -  provides  excel¬ 
lent  (full)  protection  against  such  natural  disasters  as  earthquakes, 
hurricanes  (including  cyclones),  and  tornadoes.  Also,  such  protective 
shelter  provides  fire  protection  at  a  level  equaling,  in  most  aspects  ex¬ 
ceeding,  fire  codes,  because  fire  codes  assume  continuing  availability 
of  professional  fire  departments  and  water  supply,  while  their  nonavail¬ 
ability  is  assumed  in  full  slanting.  In  shorty  full  slanted  basement  shel¬ 
ters  more  than  satisfy  requirements  for  -protection  against  all  natural 
disasters  except  floods. 


*  Murphy,  H.  L. ,  Feasibility  Study  of  Slanting  for  Combined  Nuclear 
Weapons  Effects  (Revised) ,  Volumes  1  and  2,  SRI  Technical  Report  for 
OCD  (DCPA) ,  July  1971  (AD-734  831  and  2) . 
t  Murphy,  H.  L. ,  and  J.  R.  Rempel,  Slanting  for  Combined  Nuclear  Weapons 
Effects:  FIRE  HAZARD  REDUCTION,  Stanford  Research  Institute  Technical 

Report  for  Defense  Civil  Preparedness  Agency,  August  1971  (AD-762  472) 
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For  updating  a  copy  of  the  latest  slanting  report,*  Chapter  8  and 

Appendix  E  herein  are  total  replacements  for  Chapter  8  and  Appendix  E 

of  the  slanting  report;  and  page  11-38.1  herein  is  an  addition  to  the 

slanting  report  and  replaces  the  updating  page  11-38.1  provided  by  an 

+ 

intervening  updating  report. 

This  first  part  of  this  report,  entitled  Chapter  8  (Slanting  the 
Building),  uses  the  study  Scope  and  Stipulations  sections,  plus  weapons 
effects  data  and  engineering  protective  design  guidance  provided  by  ear¬ 
lier  chapters,  applying  such  data  and  guidance  to  slanting  four  build¬ 
ings  in  a  total  of  eighteen  modifications  from  the  buildings  as  origi¬ 
nally  designed.  The  first  eight  modifications  are  for  15  psi  design 
peak  overpressure  and  related  effects;  additional  slanting  applications 
are  for  5,  10  and  20  psi  on  two  buildings  (  open"  shelter),  and  20  and 
30  psi  on  two  others  of  the  four  buildings  ("closed"  shelter).  Floor 
plans  show  both  original  layouts  and  slanting  layouts,  with  the  latter 
keyed  to  tables  showing  the  specific  modifications  and  the  additional 
estimated  cost  of  each.  Summaries  are  provided  in  tables  (one  for  each 
overpressure  just  mentioned)  that  show  estimated  cost  subtotals  for  four 
categories  of  modifications  -  structural,  blast  doors,  ventilation  (in¬ 
cluding  emergency  exit  tunnels,  if  any),  and  other  -  as  well  as  overall 
totals.  In  addition,  the  summary  tables  show  estimates  for  nondeferrable 
slanting  items  in  each  of  the  four  categories,  meaning  those  items  that 
judgment  dictated  must  be  incorporated  at  the  time  the  building  is  built. 
The  tables  also  provide  various  percentages,  as  well  as  costs  per  square 
foot  for  various  (calendar)  times.  An  air  blast  room  filling  application 
is  shown  in  the  case  of  the  larger  of  the  two  open  shelters.  Other  sec¬ 
tions  briefly  discuss  such  things  as  baffle  walls  and  drag-  pressures;  a 
comparison  of  two  centerline  support  systems;  and  three  blast  door  schemes 
(with  cost  estimates)  used  in  the  slanting  applications.  The  results 
clearly  show  the  feasibility  of  building  protective  shelter,  for  15  psi 
air  blast  peak  overpressure  and  related  nuclear  weapons  effects,  at  an 
additional  or  incremental  cost  of  not  more  than  $6/sf  as  of  January  1968, 
or  a  comparable  current  criterion  (about  $7.74/sf  as  of  June  1973). 

The  second  part  of  the  report,  entitled  Appendix  E  (Room  Filling 
from  Air  Blast),  provides  the  theory,  equations,  and  practical  simplifi¬ 
cations  necessary  to  solve  the  problem  of  estimating  the  behavior  of  air 
blast  inside  shelters,  including  locating  zones  of  drag  pressure  or  wind 
hazard  (jet  effect)  and  developing  the  pressure/time  history  of  the  aver¬ 
age  overpressure  buildup  and  subsidence  within  the  shelter  (room  filling). 


*  Same  footnote  as  preceding  page, 
t  Same  footnote  as  preceding  page. 
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The  appendix  also  includes  guidance  on  text  material  that  may  be  skipped 
without  loss  of  continuity  and  on  choice  of  calculational  methods  offered, 
plus  an  interactive  (or  conversational)  computer  program  in  a  FORTRAN  com¬ 
mercial  time-sharing  version  with  both  a  listing  and  user  guidance. 

The  report  authors  prepared  Chapter  8  as  a  considerable  expansion 
of  the  original  chapter  by  the  senior  author;  the  indicated  author  of 
Appendix  E,  J.  R.  Rempel ,  also  prepared  the  earlier  published  version. 
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PREFACE  AND  SUMMARY  FROM  THE  FEASIBILITY  STUDY  ON  FULL  SLANTING 
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The  feasibility  study  and  results  described  in  this  report  had 
two  principal  goals: 

•  To  determine  the  general  feasibility  of  slanting  for  combined 
nuclear  weapons  effects,  within  a  specified  scope  and  stipu¬ 
lated  conditions  prescribed  by  the  U.S.  Office  of  Civil  Defense. 

•  To  organize  the  work  and  resulting  report  in  such  a  manner  that, 
should  the  general  question  of  feasibility  be  answered  affirma¬ 
tively  by  this  study,  the  later  preparation  of  a  prototype 
guide  or  manual  for  use  by  architects  and  engineers  would  be 
facilitated . 

Because  of  the  latter  goal,  this  report  is  organized  as  a  guide 
and  the  word  "guide"  is  used  frequently;  nonetheless,  the  report  is 
intended  only  to  cover  a  feasibility  study,  not  to  provide  a  guide 
for  protective  design. 

Publication  of  a  report  at  this  stage  of  work  thus  has  two  broad 
purposes: 

•  To  demonstrate  the  possibility  that  full  slanting  is  achievable, 
i.e.,  modification  of  usual  building  designs  to  provide  protec¬ 
tion  in  basements  against  15  psi  overpressure  and  associated 
nuclear  weapons  effects  appears  possible  within  the  prescribed 
(added  cost)  limitation  of  $6/sf  (January  1968)  of  shelter  space. 

•  To  serve  as  a  clearly  defined  point  of  departure  in  the  further 
work  of  several  researchers,  including  not  only  those  working 
directly  on  the  project  but  also  those  working  on  associated 
U.S.  Office  of  Civil  Defense  research  projects  that  are  expected 
to  contribute  inputs  to  this  work. 

It  is  hoped  that  readers  will  feel  free  to  provide  constructive 
technical  comments  to  the  author  by  whatever  means  is  most  convenient 
to  the  reviewer.  A  discussion  of  planned  further  work  is  included  at 
the  end  of  the  report  (Chapter  11). 
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Chapter  1  includes  introductory  material  and  sections  on  Scope, 
Stipulations,  Approach,  Preliminary  Building  Selection  for  Slanting, 
and  Acknowledgments.  Chapters  2  through  6  provide  nuclear  effects  data 
and  design  methodology  needed  by  the  architect  or  professional  engineer 
for  combined  nuclear  effects  slanting  design.  Chapters  7  and  8  con¬ 
stitute  applications  of  the  data  and  methodology  to  certain  buildings 
selected  for  use  as  examples  or  case  studies,  and  for  which  complete 
design  drawings  were  at  hand.  Chapters  9  and  10  will  attempt  to  draw 
together  lessons  learned  from  the  case  studies.  The  Appendices,  Volume 
2,  contain  supporting  data  too  voluminous  to  include  in  Volume  1. 


The  revised  feasibility  study  includes  discussion  of  open  shelter  - 
concept,  problems,  and  types  -  with  two  types  included  as  case  studies 
(applications  of  full  slanting,  with  cost  estimates  and  floor  plans); 
also  an  open  shelter  case  study  of  the  two  below-grade  levels  of  a  large 
parking  garage  was  completed,  except  for  needed  review  work  in  some  high 
cost  areas  such  as  ventilation,  showing  a  tremendous  potential  for  com¬ 
bined  effects  shelter.  Each  case  study  slanting  cost  estimate  was  sum¬ 
marized  into  four  major  categories:  structural,  blast  doors,  ventilation, 
and  other.  An  estimate  is  also  shown  for  that  work  which  must  reasonably 
be  performed  at  the  time  of  original  building  construction,  i.e.,  non- 
deferrable  work. 

Included  too  are  typical  designs,  using  a  detailed  final  design 
procedure,  for  simply  supported  one-way  reinforced  concrete  slabs.  De¬ 
signs  using  all  combinations  of  three  concrete  strengths,  two  dynamic 
steel  strengths,  and  four  positive  moment  steel  ratios  are  shown  by 
graphs;  a  graph  for  one  steel  ratio  shows  total  estimated  steel  quanti¬ 
ties.  All  design  graphs  have  scales  for  slab  clear  span,  effective 
depth,  positive  and  negative  moment  steel  ratios,  and  stirrup  steel 
ratio. 
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Chapter  8 


SLANTING  THE  BUILDING 


The  following  sections  briefly  present  the  approach  and  rationale 
applied  to  the  full  slanting  in  each  case  study.  Preslanting  and  post- 
slanting  basement  floor  plans  are  used,  as  are  tables  listing  the  spe¬ 
cific  slanting  changes  (keyed  to  the  appropriate  floor  plan)  and  the 
estimated  additional  cost  of  each  tabulated  item.*  These  costs  clearly 
show  the  considerable  impact  of  structural  blast-resistant  design,  and 
selection  of  an  ultimate  deflection  criterion  P  for  flexural  structural 
members  strongly  affects  such  design.  Selection  of  this  criterion  is 
discussed  in  the  section  of  Chapter  6  entitled  "General  Comments  on  Blast- 
Resistant  Design  of  a  Structural  Element,"  which  includes  mention  of  de¬ 
sign  charts  in  Ref.  2  tailored  to  [1=3 ;  the  design  charts  were  frequently 
used  in  the  slanting  case  studies  (examples)  described  in  this  Chapter, 
but  the  modest  conservatism  introduced  thereby  is  considered  to  be  bal¬ 
anced  by  other  items  that  might  have  been  overlooked,  or  that  are  men¬ 
tioned  but  not  estimated.  A  reasonable  upper  bound  on  cost  was  sought; 
therefore,  use  of  alternative  structural  designs,  design  optimization 
techniques,  or  both,  is  likely  to  show  lower  slanting  costs  than  those 
presented  herein.  Designs  herein  were  only  complete  enough,  and  often 
only  of  sample  members,  for  comparative  cost  estimating. 

Case  studies  shown  as  Buildings  1A,  IB,  and  2A  considered  only 
closed  shelter,  because  the  room  filling  prediction  method  available  at 
the  time  of  the  studies  did  not  merit  sufficient  confidence  in  its  re¬ 
liability,  for  predicting  even  the  average  room  pressure  rise-time,  to 
warrant  its  use  for  back-loading  on  a  wall  or  slab  in  hopes  of  reducing 
the  member  load,  design,  and  related  cost.  Appendix  E  presents  a  later 
version  on  room  filling  than  was  available  for  these  first  three  case 
studies.  The  concept  of  open  shelter  (at  least  one  entry  open  to  shel- 
terees  until  one  full  minute  or  more  after  arrival  of  the  blast  wave;  see 

*  That  is,  the  cost  of  the  slanted  (modified  design)  item  minus  the  cost 
of  the  similar  item  in  the  original  design.  Dollar  values  were  tabu¬ 
lated  as  estimated  and  do  not  imply  accuracy  beyond  the  usual  degree 
inherent  in  such  estimating. 

General  note  concerning  all  floor  plans  herein:  any  framing  indicated 
is  generally  for  the  floor  system  above  the  shelter  space(s)  shown  in 
the  floor  plan;  each  slanting  scheme  (except  Bldg.  1A)  is  described  by 
a  table  keyed  to  the  floor  plan,  and  the  table  may  describe  any  modi¬ 
fication,  whether  framing  above  the  space(s)  or  footings  below  or  any 
other  item( s) . 
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Open  Shelter  section  of  this  chapter)  has  many  advantages  including  the 
important  one  of  making  unnecessary  a  decision  as  to  when  and  in  whose 
face  the  shelter  door  is  to  be  closed.  Open  shelter  is  included  in  full 
slanting  of  later  case  study  buildings.  Later  studies  of  all  the  build¬ 
ings  also  consider  overpressures  other  than  15  psi.  At  15  psi,  potential 
debris  loads  from  the  specific  case  buildings  were  considered  as  not  con¬ 
trolling  on  shelter  structural  design;  while  this  consideration  might  be 
inapplicable  at  5  or  10  psi,  it  was  nevertheless  similarly  applied,  in 
the  interests  of  obtaining  relative  costs  for  the  general  case  (low-rise 
buildings) . 

Figure  8-OA  schematically  shows  a  shelter  fresh  air  intake/ emergency 
exit  that  was  used  several  times,  particularly  in  the  first  three  case 
studies.  Figure  8-OB  indicates  a  version  offering  more  protection  against 
a  vehicle  being  rolled  onto  and  blocking  the  emergency  exit.  Figure  8-OC 
shows  a  window-well  version.  Figure  8-OD  suggests  a  ventilation  duct/ 
emergency  exit  scheme;  the  blast  doors  are  for  an  "open"  shelter  dis¬ 
cussed  later  herein.  Figure  8-OE  illustrates  three  blast  door  schemes, 
all  of  which  were  used  in  full  slanting  of  case  study  buildings  described 
later  in  this  chapter;  further  details  and  cost  estimates  are  provided  in 
a  later  section  of  this  chapter. 
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FIG. 
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SOURCE:  Reference  25,  plus  modifications 


FIG,  8-OC  BASEMENT  SHELTER  WINDOW-WELL  ESCAPE  EXIT 
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FIG.  8-OD  VENTILATION/EMERGENCY  EXIT  SCHEME  -  OPEN  SHELTER  VERSION 
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Building  1A 


The  building  is  described  in  general  terms  in  Chapter  7.  The  de¬ 
signed  basement  floor  plan  is  shown  in  Figure  8-1.  The  slanted  version 
is  shown  in  Figure  8-1A  (black  lines  show  slanting  changes) ,  the  shelter 
area  being  L-shaped  minus  an  interior  stairwell.  A  list  of  slanting 
changes  is  not  included  herein  for  Building  1A  because  the  estimated 
additional  cost  of  slanting  was  many  times  the  Scope  limit.  The  esti¬ 
mates  served  to  confirm  what  was  fairly  foreseeable:  that  too  much 
interior  blast-resistant  wall  was  required  by  this  L-shaped  shelter  and 
excluded  stairwell.  The  example  was  useful,  however,  in  learning  rough 
boundaries  of  possible  slanting  measures  versus  the  Scope  cost  limita¬ 
tion;  the  latter  would  certainly  preclude  consideration  of  this  case  for 
any  slanting  incentive  program. 
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FIG.  8-1 

BUILDING  1  BASEMENT  FLOOR  PLAN 


FIG.  8-1A 

BUILDING  1A  BASEMENT  FLOOR  PLAN 


Building  IB 


The  building  is  described  in  general  terms  in  Chapter  7.*  The  de¬ 
signed  basement  floor  plan  is  shown  in  Figure  8-1,  the  slanted  version 
in  Figure  8-1B  (black  lines  show  slanting  structural  and  layout  changes, 
gray  lines  show  the  original  design) ,  the  shelter  being  the  large  rec¬ 
tangular  area  across  the  west  end.  Table  8»1B  provides  a  list  of  slant¬ 
ing  changes,  keyed  to  Figure  8— IB,  as  well  as  the  estimated  additional 
cost  of  each  change  item.  Interior  shelter  walls  are  not  blast-resistant. 

The  ducted  air  conditioning  from  central  fan-coil  units  in  the  base¬ 
ment  and  penthouse,  plus  a  boiler  room,  necessitate  about  half  of  the 
planned  partial  basement  under  this  building.  A  slanting  change  to  a 
four-pipe  system  (Chapter  6)  was  not  applied  because  the  total  basement 
space  requirement  might  then  have  been  logically  reduced.  Instead,  the 
many  penetrations  of  the  first  floor  slab  for  air  ducts,  pipes,  and 
stairwell  were  left  in  a  nonshelter  area.  Items  2  and  9-13,  Table  8. IB, 
describe  the  slanted  shelter  ventilation  system.  The  shelter  fresh  air 
intake/emergency  exit  is  described  in  Item  10  and  schematically  shown 
by  Figure  8-OA. 

The  second  case  study  results  helped  in  learning  the  effect  of 
slanting  changes  versus  the  Scope  cost  limitation,  in  that  the  estimated 
additional  cost  of  slanting  was  improved  to  about  twice  the  Scope  limit. 
The  study  illustrates  the  cost  penalty  of  the  fixed  cost  of  Item  10 
being  borne  by  a  rather  small  shelter,  thereby  inordinately  increasing 
unit  slanting  costs.  Further  review  of  the  concept  and  details  of 
this  fixed  cost  item  was  indicated. 


*  This  second  slanting  use  of  the  Newnan  Post  Office  has  a  different 
shelter  layout  than  the  first,  Building  1A,  in  order  to  reduce  the 
amount  of  interior  blast  resistant  wall  required. 
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FIG.  8-1B 

BUILDING  IB  BASEMENT  FLOOR  PLAN 
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Table  8. IB 


BUILDING  IB  SLANTING 
(Post  Office,  Newnan,  Georgia) 

1.  Provide  blast  walls  as  shown  ($4,385);  with  blast  slab  $13,883 

above  (15-1/2"  thick)  and  centerline  girder  increased 

to  46"  overall  depth  in  shelter  area  ($9,498).  All 
interior  partitions  in  shelter  to  be  nonbearing  and 
detailed  to  remain  so,  even  with  large  deflection  of 
slab  and/or  girder  above,  say  6"  or  more. 

2.  Provide  blast  door  to  corridor  ($760);  with  l'x4'  ex-  960 

haust  air  vent  ($40)  and  its  own  vertical  sliding 

blast  door  ($160)  (both  above  corridor  door).  Exhaust 
air  vents  into  a  corridor  duct. 

3.  Relocate  stair  10  ft  east,  as  shown;  revise  stair  lay-  * 

out  to  3  flights  to  land  at  door  shown. 

4.  Relocate  Mechanical  Equipment  Room  as  shown.  * 

5.  Provide  elevator  with  a  rear  door  for  basement  use  1,800 

only  ($1,800);  and  relocate  basement  lobby  as  shown, 

using  space  under  ducts  from  Fan  Room  (*) . 

6.  Relocate  Fan  Room  7' 9"  to  east,  maintaining  same  clear  * 

width,  as  shown.  Refrigeration  Room  can  be  reduced  in 

size  by  offsetting  two  coolers  as  needed  to  provide 
space  for  disassembly. 

7.  Relocate  Shop  Storage  and  Telephone  Equipment  Room,  as  * 

shown. 

8.  Provide  Toilet  Room  (shower  optional)  and  Mechanic  and  * 

Labor  Locker  Room,  as  shown. 

9.  Add  Generator  Room  (*)  for  emergency  power  unit  (5  kva)  1,500 

($1,400)  for  shelter  lighting  and  emergency  ventilating 

(fans  only;  3500  cfm)  (*);  provide  engine  exhaust  vent 
($100)  at  grade  just  outside  building  wall. 

*  Design  modification  considered  achievable  at  little 
(«$100)  or  no  additional  cost. 
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Table  8. IB  (concluded) 


10.  Provide  fresh  air  intake  tunnel,  36"  diam.  by  55'  long 
($1,538);  plus  manhole  ($2,204);  for  use  at  all  times 
for  shelter  area,  plus  emergency  use  as  an  exit.  Pro¬ 
vide  vertical  sliding  blast  door  in  inside  face  of 
shelter  wall  ($394)  (dismantle  fresh  air  duct  to  use 
tunnel  as  exit) . 

11.  Provide  separate  air  handling  system  for  shelter  area 
use  (both  normal  and  emergency) ,  with  fan-coil  unit 
located  overhead  in  Generator,  Reserve  or  Shop  Storage 
Room  (*).  In  normal  use,  unit  is  to  be  supplied  with 
HW  and  CW  from  existing  system.  In  emergency  use, 
only  the  fan  operates,  using  emergency  power  (conduit, 
wire,  and  switches:  $100). 

12.  All  nonshelter  ductwork  is  to  be  outside  the  shelter 
space. 

13.  Vent  toilet  with  own  fan,  and  duct  out  through  above¬ 
door  vent  and  new  duct  (#2) . 

14.  Allow  no  flammable  wall  and/or  ceiling  treatment  in 
basement,  inside  or  outside  shelter. 

15.  Metal  Venetian  blinds  with  fire  resistant  tapes  are 
to  be  used  on  all  windows,  at  least  on  entire  floor 
above  basement . 

16.  Roof  should  be  Class  A  or  B  fire  rating  (probably 
normal  design) . 

17.  Plumbing  vent  pipes  should  be  metal  (or  pass  100  psi 
internal  pressure  test)  and  be  tightly  grouted  (ex¬ 
pansion  type)  for  full  depth  through  slab  over  shelter. 

18.  All  duct  risers  from  nonshelter  areas  of  the  basement 
should  have  standard  fire  dampers  at  first  floor  slab 
level . 


(June  1968)  1,911  sf 


*  Design  modification  considered  achievable  at  little 
(«$100)  or  no  additional  cost. 


$  4,136 


100 


* 


135 


* 


* 


* 


* 


* 


$22,514 

$11.78/sf 
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Building  2A 


The  building  is  described  in  general  terms  in  Chapter  7.  The  de¬ 
signed  basement  floor  plan  is  shown  in  Figure  8-2,  and  the  slanted  ver¬ 
sion  in  Figure  8-2A  (black  lines  show  slanting  structural  and  architec¬ 
tural  changes,  gray  lines  show  the  original  design),  the  shelter  occupy¬ 
ing  the  full  basement  excluding  the  interior  stairwell  and  the  exit 
hallway  leading  to  exterior  stairs.  Table  8,2A  provides  a  list  of  slant¬ 
ing  changes,  keyed  to  Figure  8-2A,  as  well  as  the  estimated  additional 
cost  of  each  change  item.  Interior  shelter  walls  are  not  blast-resistant. 
Figures  8-2.1  and  8-2A.1  provide  perspective  views  of  the  building  base¬ 
ments,  as  originally  designed  and  after  slanting,  respectively  (i.e., 
comparable  to  the  floor  plans  of  Figures  8-2  and  8-2A)  . 

The  original,  natural  cross-ventilation  scheme  contemplated  for  the 
large,  open  basement  portion  was  slanted  to  forced  fresh  air  ventilation 
of  the  entire  basement,  as  described  under  Items  2  and  8-12,  Table  8.2A. 
Item  17  covers  an  unestimated  alternate,  an  air  conditioning  scheme  for 
the  shelter  area.  The  fresh  air  intake/ emergency  exit  is  described  in 
Item  9  and  schematically  shown  by  Figure  8-OA. 

Table  8.2A  (15  psi  shelter)  was  used  first  for  estimates  based  on 
June  1968  costs,  then  later  for  estimates  based  on  June  1970  costs.  Both 
sets  of  estimates  were  shown  in  the  latest  version  of  the  complete  com¬ 
bined  effects  slanting  study/guide.50  Only  the  June  1970  estimates  were 
retained  for  this  Chapter  8  revision,  but  estimates  for  new  studies  of 
20  and  30  psi  shelters  were  added. 

For  this  third  case  study,  estimated  additional  slanting  costs  were 
within  the  Scope  limit  of  $6/sf  (about  4%  below,  when  both  are  corrected 
to  the  same  time  period).  The  study  indicated  the  need  for  further  review 
of  slanting  measures,  aimed  at  reduction  in  ventilation  and  blast  door 
costs . 
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FIG.  8-2 

BUILDING  2  BASEMENT  FLOOR  PLAN 


BUILDING  2A  SLANTING 
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serve  normally  as  well  as  in  an  emergency;  4800  cfm  fan 

($686),  ducts  ($1,027)  in  fan  room  leading  to  wall  of  ($686) ($1 ,027)  ($686) ($1 ,027) 

shelter  area;  air  flows  toward  stair  well,  through 
openings  in  new  center  wall  and  back  through  boiler 
room  door  to  vent  system.  Provide  for  varying  mix  of 
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Questions  Raised  by  Early  Case  Studies 

Questions  arising  from  these  early  case  studies  include: 

•  Are  there  slanting  ventilation  schemes  that  are  more  cost- 
effective  (e.g.,  PVK  and  Kearny  pump)  than  those  used? 

•  Is  the  fresh  air  intake/emergency  exit  tunnel  really  required 
(for  blast  debris  and  fire  hazards  reduction)  in  an  austere, 
survival  shelter  situation?  Can  its  cost  be  markedly  reduced 
by  design  studies?  Are  multiple  window-wells  better?  Does  the 
concept  of  knock-outs  in  first  floor  slab  have  any  ventilation 
potential? 

•  Can  the  cost  of  blast  doors  be  reduced  by  design  studies  or 
eliminated  by  an  open-shelter  approach? 

•  Are  the  loading  assumptions  and/or  design  techniques  used  on  the 
buried  exterior  shelter  walls  too  conservative? 
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Open  Shelter 


Closed  shelters,*  as  in  Buildings  1A,  IB,  and  2A,  pose  the  inevitable 
question:  When  will  the  shelter  door  be  closed?  This  question  is  avoided 
in  the  open  shelter  concept,  defined  for  purposes  herein  as  shelter  where 
at  least  one  entrance  door  remains  open  to  shelterees  until  one  full  min¬ 
ute  or  more  after  the  nuclear  detonation.  Open  shelter  also  merits  con¬ 
sideration  for  its  possible  lower  unit  slanting  cost,  even  though  the  shel¬ 
terees  may  face  a  greater  variety  of  hazards  in  open  than  in  closed  shelter. 

Open  shelter  might  be  discussed  under  the  following  four  types: 

I.  What  amounts  to  a  closed  shelter  but  is  closed  only  to  the  blast 
wave  and  other  direct  nuclear  effects,  not  to  people  -  for  example, 
by  having  each  entrance  be  a  system  where  people  can  enter  more 

or  less  continuously  into  either  of  two  parallel  hallways 
(really  entry  locks),  with  one  alternately  open  to  new  arrivals 
while  the  other  is  closed  to  new  arrivals  but  is  open  to  empty 
an  earlier  arriving  group  into  the  shelter.  The  alternating  is 
accomplished  by  sliding  doors  interlocked  so  that  there  is  never 
a  passageway  for  air  blast  to  enter  the  shelter.  Other  examples 
exist.36 

II.  What  approaches  a  closed  shelter  but  is  closed  only  after  an 
early  part  of  the  blast  wave  has  entered  the  shelter  -  for  ex¬ 
ample,  by  having  an  entrance  door  or  doors  that  are  slammed 
closed  by  the  blast  wave,  thereby  shortening  the  duration  (but 
not  reducing  the  peak  pressure)  of  the  entering  air  blast  to 
an  extent  that  shelterees  (probably  prone)  will  not  be  accel¬ 
erated  enough  to  cause  injuries/deaths  by  being  thrown  into 
walls  or  other  objects.  (Granted  that  the  door  may  be  slammed 
onto  someone  rather  than  going  fully  closed;  in  either  case  the 
air  inflow  is  reduced  quickly  and  considerably.) 

III.  An  open  shelter,  but  with  only  one  or  perhaps  two  entrance  doors 
open,  all  other  openings  being  closed  not  later  than  during  the 
time  interval  between  nuclear  detonation  and  blast  wave  arrival 
at  the  shelter. 

IV.  An  open  shelter  with  multiple  openings  (windows  and  doors)  re¬ 
maining  open  at  least  during  passage  of  the  blast  wave,  prob¬ 
ably  longer  for  ventilation  and  access  purposes.  Openings  such 

*  Defined,  for  use  herein,  as  shelter  closed  before  air  blast  arrival 
to  all  further  ingress. 
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as  those  for  chimneys  and  ventilation  ducts  could  also  remain 
open,  provided  that  protection  is  included  against  chimney  and 
duct  parts  becoming  missiles  in  the  shelter. 

No  quick  conclusions  should  be  drawn  about  these  four  types  of  open 
shelter.  Type  I  might  have  all  the  slanting  costs  of  a  closed  shelter 
(such  as  Building  2A)  plus  the  cost  of  an  elaborate  entrance  system,  lead¬ 
ing  to  a  (premature)  conclusion  that  the  other  types  would  all  cost  less 
than  Type  I.  In  Type  I,  interior  walls  need  not  be  blast  resistant.  In 
the  other  three  types,  they  must  be  blast  resistant  to  some  degree,  a  cost 
item  in  favor  of  Type  I.  Because  of  such  interrelationships  among  slant¬ 
ing  costs,  personnel  protection,  weapons  effects,  etc.,  these  matters  as 
they  relate  to  the  open  shelter  types  are  examined  in  more  detail  below. 

For  convenience,  the  four  open  shelter  types  are  summarized  with 
shortened  descriptions,  as  follows: 

I.  Shelter  closed  to  blast  but  allowing  continuous  shelteree  ingress 


II.  Shelter  with  few  openings  and  internal  blast  duration  shortened 

III.  Shelter  with  one  or  two  entrances  open 

IV.  Shelter  with  many  openings 

The  remainder  of  this  section  on  open  shelter  is  devoted  to  discus¬ 
sion  of  certain  weapons  effects  in  terms  of  open  shelter  and  to  such  gen¬ 
eral  considerations  in  open  shelter  as  blast  resistant  construction 
needed;  certain  necessary  shelter  stocks  and  their  storage;  and  some 
aspects  of  shelter  management  and  early  recovery  tasks  applicable  to 
open  shelter.  A  recapitulation  closes  the  section. 


A.  Weapons  Effects  and  Open  Shelter 

The  shelter  designer  must  exercise  care  in  considering  not  just  the 
design  peak  overpressure  (15  psi)  or  higher  values  and  related  other  ef¬ 
fects,  but  also  the  full  range  of  all  effects  below  the  design  level. 

For  example,  the  fire  potential  in  stories  over  the  basement  shelter  is 
likely  to  be  much  greater  at  some  overpressure  range  lying  just  below  an 
overpressure  capable  of  making  debris  of  the  upper  stories  than  at  blast 
levels  above  this  overpressure. 
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Air  Blast  -  Exterior.  At  some  p  around  or  above  7  psi,  from  a 
surface  or  air  burst,  there  is  a  highSprobability  of  extensive  damage, 
possibly  even  collapse,  to  the  entire  building  above  the  basement.  Also, 

3t  Pso  °f  about  7  psi  or  more>  from  a  surface  burst,  fallout  contaminant 
is  likely,  even  upwind  or  crosswind  from  the  burst  point. 1(Sec-9-87?  At 

pso  of  about  1  to  3  psi,  exterior  and  interior  aboveground  walls  may  be¬ 
come  debris  along  with  the  building  contents,  perhaps  blocking  egress 
through  downwind  window-well s/doors ,  but  providing  additional  fallout 
shielding  on  the  shelter  (basement)  roof.  The  floors,  and  perhaps  the 
roof,  may  not  be  collapsed,  and  would  contribute  to  the  fallout  protec¬ 
tion  for  the  shelter.  At  pgQ  down  to  about  1/2  psi,  there  will  still  be 
much  damage  (minor  at  the  lower  p  values)  to  equipment,  interiors,  and 
many  building  elements.  All  window  glass  will  be  shattered. 


Air  Blast  -  Interior.  This  effect  is  inapplicable  to  Type  I.  For 
the  other  types,  it  poses  critical  problems  of  estimating  interior  flow 
velocities*  on  shelterees  and  blast  loadings  on  structure  surfaces  and 
shelter  equipment,  problems  that  can  be  only  partially  solved  by  Appen¬ 
dix  E  methods  and  the  present  state  of  knowledge  in  the  field;  however, 
directly  applicable  research,  analytical  and  experimental,  is  under  way. 

Present  knowledge  suggests  that  Types  III  and  IV  shelter  will  contain 
at  least  some  areas  of  low  survival  probability  and  that  these  types  may 
not  meet  the  85%  to  95%  survival  probability  called  for  in  the  Stipulations 
section  herein,  unless  special  efforts  are  made  to  vacate  dangerous  areas 
before  arrival  of  the  air  blast.  This  conclusion  is  based  on  calculations 
such  as  those  discussed  in  Appendix  E,  showing  that  drag  forces  may  be  high 
enough  and  last  long  enough  to  cause  prone  shelterees  to  be  thrown  into 
walls  or  other  fixed  objects  with  lethal  speeds. 

For  example,  when  peak  free  field  overpressure  is  15  psi,  dynamic 
pressure  (jet)  in  every  opening  may  reach  as  high  as  3.2  psi,  enough  to 
accelerate  a^ prone  human  body  to  approximate  lethal  skull  impact  speed 
(15  fps)  3  in  approximately  46  msec.  Maximum  dynamic  pressure  in  an 
opening  follows  a  brief  diffraction  episode  of  relatively  low  dynamic 
pressure  and  is  in  turn  succeeded  by  a  slow  decline  of  dynamic  pressure 
as  the  room  fills.  In  a  large  room  the  highest  values  of  dynamic  pres¬ 
sure  are  thought  to  be  located  within  a  straight  jet  issuing  from  the 
opening,  although  a  swirling  motion  entraining  most  of  the  air  in  the 
room  may  also  occur. 

Since,  even  with  aFL  openings  open  (Type  IV  shelter),  filling  time 
for  the  basement  of  Building  2  is  approximately  130  msec,  it  is  clear  that 


*  Really  need  dynamic  pressures;  or,  more  strictly,  drag  pressures 
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shelterees  in  the  neighborhood  of  an  opening  will  be  threatened.  If,  in 
an  attempt  to  spare  a  large  part  of  the  shelter  area  from  these  high  winds, 
all  but  one  opening  is  blast  sealed  (Type  III  shelter) ,  the  duration  of 
the  dangerous  inflow  is  lengthened  to  approximately  600  msec  during  which 
time  even  relatively  weak  drag  forces  remote  from  the  main  jet  may  have 
the  opportunity  to  accelerate  the  human  body  to  lethal  speed.  A  steady 
jet,  issuing  through  an  aperture  the  size  of  an  ordinary  door  from  a 
reservoir  at  15  psi  overpressure,  will  expand,  after  about  55  ft  of 
travel  in  an  infinite  atmosphere,  reducing  the  dynamic  pressure  to  approx¬ 
imately  1.0  psi*  (still  equivalent  to  a  hurricane  wind  of  about  200  mph) . 

These  approximate  and  preliminary  calculations  do  not  demonstrate 
that  open  shelter  is  infeasible,  but  they  do  demonstrate  that  open  shel¬ 
ter  of  the  kind  (Type  IV)  represented  by  Building  2B  presents  a  survival 
hazard  to  some  shelterees  at  the  15  psi  range.  The  magnitude  of  the  haz¬ 
ard  and  an  evaluation  of  the  usefulness  of  the  shelter  are  matters  requir¬ 
ing  further  knowledge  and  study.  The  interior  air  blast  hazard  receives 
a  lengthy  discussion  in  the  later  section  herein  dealing  with  Building  4A. 

Improved  prediction  techniques  for  interior  air  blast  behavior  offer 
a  potential  for  structural  savings  as  well.  For  example,  back  pressure 
on  the  concrete  slab  over  the  basement  shelter  might  have  a  negligible 
effect  on  the  slab  design  when  rather  small  ultimate  deflections  are  con¬ 
sidered;  however,  at  the  large  deflections  for  longer  span  slabs,  say 
about  20  ft,  the  time  to  maximum  deflection  becomes  of  the  order  of  0.2 
sec,  which  may  be  sufficient  to  allow  a  back  pressure  build-up  of  conse¬ 
quence  . 


Initial  Nuclear  Radiation.  This  effect  presents  no  hazard^  in  an 
air  burst  (Figure  2-3),  but  a  surface  burst  delivers  a  free-field,  gamma- 
plus-neutron  dose  of  about  450  rads  (Figure  2-6,  for  1  Mt  and  15  psi). 

The  surface  burst  radiation  is  likely  to  be  much  reduced  by  shielding 
from  other  buildings,  but  should  be  considered  carefully  in  relation  to 
protection  around  all  shelter  openings.  Window-wells  and  entrances  should 
have  only  a  scattering,  not  line-of-sight  (streaming)  hazard  because  of 
the  low  sight  angle  of  even  maximum  probable  height  surface  bursts. 

Even  then,  shelteree  mortalities  should  be  improbable  and  sickness  un¬ 
likely. 


*  Calculated  using  Equation  36,  Appendix  E. 

t  Using  the  Scope  yield  of  1  Mt;  if  say  200  kt  is  assumed,  the  hazard 
from  initial  nuclear  radiation  (INK)  may  be  considerable  (Chapter  2), 
perhaps  overshadowing  air  blast  as  a  structural  design  criterion. 

$  For  air  bursts,  maximum  vertical  sight  angles  (above  the  horizon) 
versus  air  blast  peak  overpressure  might  be:  30  psi,  43  ;  20  psi, 

36°;  15  psi,  33°;  and  10  psi,  31°.  These  values  came  from  consider¬ 
ing  HOBs  to  maximize  the  range  for  each  overpressure  (i.e.,  consider¬ 
ing  the  "knees"  of  the  curves  in  Figures  3.67a  and  3.67b,  Reference  1). 
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Fallout  Radiation.  This  effect  was  first  discussed  in  connection 
with  exterior  air  blast  and  is  further  discussed  below  under  protective 
action  by  shelterees.  It  should  present  no  serious  problems  in  consider¬ 
ing  open  versus  closed  shelter. 


Thermal  Radiation  and  Secondary  Fires.  Fires  and  air  blast  present 

i  ■  ■  ■  mm  .  ■■■—  r-  ■  '  •  m  ,  r  —  •*  j|j 

the  greatest  hazards  to  shelterees  within  the  Scope  of  this  guide. 

The  thermal  radiation  reaching  the  shelter  building  exterior  should, 
in  a  high  probability  of  cases,  have  been  reduced  if  not  eliminated  through 
shielding  by  other  structures  and  hills.  The  risk  of  thermal  radiation 
setting  interior  fires  in  the  floor  above  the  shelter  must  be  countered 
by  preattack  countermeasures  (e.g.,  fire-retardant  treatment)  and  shelteree 
firefighting  capabilities  (Chapter  3);  the  latter  are  further  discussed 
below.  Even  at  the  range  of.  about  2.5  to  3  psi  overpressure,  the  thermal 
radiation  (Figure  2-2)  may  be  sufficient  to  start  fires  in  the  floor  above 
the  basement  shelter.  As  the  overpressure  and  thermal  radiation  levels 
increase,  however,  rubble  replaces  or  covers  what  were  exposed  building 
interiors,  and  there  is  serious  doubt  as  to  whether  blast-caused  rubble 
can  ignite  and  burn  so  as  to  be  a  serious  threat  to  shelter  occupants. 
Certainly  the  threat,  if  any,  is  not  well  understood. 

The  secondary  fire  hazard  must  be  countered  by  the  means  discussed 
just  above  and  in  Chapter  3,  and  as  discussed  further  below.  This  hazard 
may  well  be  worst  at  and  beyond  ranges  where  overpressures  will  make  de¬ 
bris  out  of  walls  and  interior  equipment  and  furnishings. 


B.  General  Considerations  in  Open  Shelter^ 


At  least  some  of  the  general  considerations  applicable  to  open  shel¬ 
ter  require  review  in  relation  to  protective  shelter  design.  The  more 
important  ones  might  include  those  discussed  in  the  paragraphs  below. 


Blast  Resistant  Construction  Needs.  Some  of  the  blast  resistant 
construction  needed  in  and  around  an  open  shelter  includes: 

•  All  structural  elements  located  in  the  open  shelter  space  must 
be  blast  resistant,  including  interior  walls/partitions  (which 
should  therefore  be  reduced  in  number  to  the  extent  possible). 


*  Footnote  t  on  the  preceding  page  applies  here  as  well, 
t  Entire  section  has  little  application  to  Type  I  "open"  shelter 
(closed  to  air  blast,  by  definition),  the  exception  being  some 
guidance  that  is  useful  to  both  open  and  closed  shelter  situations. 
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•  All  fixed  equipment  in  the  open  shelter  space  must  also  be  blast 
resistant,  both  in  mounting  and  as  to  the  equipment  itself  flying 
apart. * 

•  Entranceway s ,  window-wells,  and  any  other  openings  require  atten¬ 
tion  to  blast  resistance,  generally  and  for  strength  around  each 
opening  into  the  shelter. 

Doors  should  be  fire-resistive,  capable  of  being  anchored  in  a 
protected  (open)  position  for  the  blast  passage,  then  of  being 
quickly  closed  as  necessary  for  fire  protection.  If  flying  de¬ 
bris,  from  materials  or  building  elements  near  but  outside  the 
open  shelter  space,  presents  a  hazard,  grating  doors  may  be  re¬ 
quired  in  nonentry  doors  of  Type  IV  shelters. 

Windows  should  be  detailed  so  that  their  glazing  and  other  com¬ 
ponents  present  no  missile  hazard  to  shelterees  -  for  example, 
glazed  sashes  could  be  removable  and,  at  time  of  shelter  occu¬ 
pancy,  be  moved  out  of  the  shelter  or  to  a  blast-protected  closed 
space.  (Or  the  sashes  might  be  designed  to  be  anchored  safely  in 
an  open  position,  perhaps  including  use  of  a  new  high-strength 
glazing.) 

Window-wells  serving  the  open  shelter  should  have  walls  blast 
strengthened,  at  least  in  the  walls  common  to  the  shelter.  The 
strengthening  should  extend  to  all  walls  in  each  window-well  that 
may  be  needed  as  an  emergency  exit.  Each  window-well  should  have 
a  top  grating^  for  protection  against  flying  debris,  but  removable 
for  emergency  exit  use  if  such  use  is  planned.  Window-well  bot¬ 
toms  should  be  sufficiently  below  their  window  sills  to  give  pro¬ 
tection  against  direct  fallout  radiation  from  contaminant  falling 
onto  the  bottoms. 

•  Some  closed  shelter  space  appears  to  be  required  even  in  the  open 
shelter  concept  -  if  not  for  people  then  at  least  for  certain 
stocks . ^  Examples  include  the  OCD  water  drums  and  PVKs  (package 
ventilating  kits)  in  current  use. 


*  However,  for  the  blast  loading  on  such  equipment,  the  better  interior 
air  blast  prediction  techniques,  mentioned  earlier  as  a  subject  of  on¬ 
going  research,  are  badly  needed, 
t  Sloping,  if  exterior  wall  will  support  upper  edge. 

$  Again,  better  prediction  techniques  for  interior  air  blast  behavior 
could  change  this  need. 
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Shelter  Stocks.  Certain  shelter  supplies  and  equipment  aspects 
seem  to  indicate  the  following: 

•  Stocks  must  not  become  missiles  in  the  personnel  shelter  -  they 
must  either  be  removed  from  the  shelter  at  time  of  occupancy  or 
must  be  provided  with  blast  resistant  anchorage.*  Supplies  that 
cannot  be  so  anchored  and  cannot  withstand  air  blast  damage  - 
such  as  the  water  drums  and  PVKs  -  must  be  removed  to  protected 
closed  space. 

•  Stocks  must  be  in  a  space  or  spaces  accessible  to  the  shelterees, 
both  after  the  direct  nuclear  effects  and  without  receiving  an 
unacceptable  fallout  dose. 

•  Stocks,  at  least  the  vital  ones,  must  be  protected  from  destruc¬ 
tion  by  thermal  radiation  or  secondary  fires,  as  well  as  blast. 

•  Stocks  should  include  such  structural  recovery  items  as  building 
jacks,  crowbars,  wedges,  and  sledges. 


Shelter  Management.  For  success  of  an  open  shelter,  shelterees  must 
be  informed  (and  willing)  to; 

•  Move  all  unanchored  items  out  of  the  shelter  before  the  blast 
arrives. 

•  Move  all  stocks  needing  protected  shelter  to  such  space. 

•  Close  all  blast  doors  in  any  closed  shelter  spaces,  either  before 
the  detonation  or  during  the  few  seconds  (available  with  large  weap¬ 
on  yields)  between  detonation  and  arrival  of  the  air  blast  wave. 

•  Take  prone  positions’^  at  assigned  locations,  probably  with  close 
spacing  to  provide  mutual  protection. 

•  Perform  radiation  monitoring  (for  fallout  contaminant)  on  tools, 
supplies,  workers'  clothing,  etc.,  to  control/reduce  the  amount 
of  fallout  contaminant  carried  or  tracked  into  the  shelter;  this 


*  Again,  better  prediction  techniques  for  interior  air  blast  behavior 
could  change  this  need. 

t  Again,  better  interior  air  blast  prediction  techniques  could  indicate 
other  body  positions,  as  well  as  specific  locations  in  the  shelter. 
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hazard  is  considered  slight.  Also  monitor  for  poor  fallout  pro¬ 
tection  places  within  the  shelter,  resulting  from  unexpected  con¬ 
taminant  deposition  or  wind  redeposition. 

•  Work  at  recovery  tasks,  including  those  discussed  below. 


Early  Recovery  Tasks  and  Open  Shelter.  Many  early  recovery  tasks 
are  vital  to  the  success  of  an  open  shelter  concept  -  shelterees  must  be 
able  to: 

•  Control  fires  in  spaces  adjacent  to  the  shelter,  at  the  same  or 
any  lower  level  and  on  the  level  above,  or  at  least  keep  them 
small. * 

•  Control  fires  elsewhere  as  necessary  to  keep  the  heat  on  shel¬ 
terees  low  enough  for  survival.  This  task  is  magnified  in  im¬ 
portance  if  there  is  a  fallout  hazard,  otherwise  the  shelter 
could  be  evacuated  if  the  heat  becomes  truly  unbearable;  even 
with  fallout,  evacuation  from  heat  threat  may  be  necessary. 

•  Clear  emergency  exits  of  any  building  or  other  debris  blocking 
them. 

•  Clear  any  threatening  fallout  contaminant  (that  is,  perform  local¬ 
ized  decontamination  -  e.g.,  sweeping,  washdown,  shaking,  or  brush¬ 
ing)  in  or  near  doorways,  or  deposited  on  debris  in  window-wells 

so  as  to  be  dangerously  near  window-sill  height. 

•  Pile  up  "clean"  debris  or  shelter  stocks  wherever  needed  to  cre¬ 
ate  fallout  radiation  barriers,  e.g.,  near  doorways  and  in  window- 
wells. 


Recapitulation.  Table  8.0  provides  a  recapitulation  of  the  general 
considerations  in  open  shelter. 


*  Shelter  building  requirements  have  been  stated  earlier  herein  for  gen¬ 
eral  fire-resistive  construction  and  fire-resistive  or  fire  retardant 
treated  equipment  in,  near,  and  above  the  shelter. 
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Table  8.0 


OPEN  SHELTER  GENERAL  CONSIDERATIONS 
(Recapitulation) 
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Building  2B 


The  first  application  of  the  open  shelter  concepts  just  described 
was  to  Building  2,  already  studied  as  a  closed  shelter;  the  benefits  of 
reuse  of  Building  2  were  economy  and  a  potential  for  cost  comparisons 
(after  two  years,  a  fresh  estimate  of  Building  2A  (closed  shelter)  addi¬ 
tional  costs  for  slanting  was  necessary  because  of  rapidly  changing  con¬ 
struction  costs) . 

Building  2A  costs  (from  both  June  1968  and  June  1970  estimates) 
could  be  attributed  to  structural  (56%) ,  blast  doors  (10%) ,  ventilation 
(25%) ,  and  fresh  air  intake/emergency  exit  tunnel  (18%) ,  the  last  item 
being  of  benefit  to  ventilation,  fire  protection,  and  blast  protection, 
thus  rather  difficult  to  assign  in  terms  of  the  preceding  three  cate¬ 
gories  . 

Open  shelter  seemed  to  offer  some  potential  slanting  cost  reductions 

in  blast  doors,  in  ventilation  (at  some  increased  fire  risk),  and  perhaps 

in  structural  changes.  However,  such  reductions  may  be  substantially 

offset  by  the  cost  of  closed  shelter  space  required  for  certain  equipment 

37 

and  stocks.  Some  fire  test  results  were  reviewed  that  seemed  to  indi¬ 
cate  that  the  noxious  gases  hazard  from  fires  above  the  shelter  might  not 
be  as  great  as  accepted  in  the  past.  (See  Appendix  B.)  However,  safe 
ventilation  of  open  shelter  in  a  fire  environment  requires  continuous  mon¬ 
itoring  of  the  air  taken  in  and  also  the  capability  of  changing  the  source 
of  ventilation  air  to  some  extent  (or  at  least  the  capability  of^stopping 
ventilation  temporarily  if  all  the  sources  become  contaminated) .  With 
such  a  proviso  a  well-type  escape  exit,  Figure  8-OC,  was  considered  for 
use  (if  used  on  several  basement  walls)  as  an  open  shelter  alternative  to 
the  (expensive)  fresh  air  intake/emergency  exit  tunnel,  Figures  8-OA  and 
8 -OB ,  used  in  Buildings  IB  and  2A.  Depending  on  the  fireload  on  the 
floors  above  a  basement  there  may  be  some  danger  to  basement  shelterees 
from  heat.  Basement  roof  slab  thickness  of  one  foot  appears  to  be  ample 
to  prevent  this.  For  a  fuller  discussion  of  all  aspects  of  the  fire  haz¬ 
ard,  see  Chapter  3  and  Appendix  B. 

Type  IV  of  the  open  shelter  conceptual  types  appeared  most  promising 
in  terms  of  lower  slanting  costs,  if  not  in  terms  of  protection  provided. 
Type  IV  was  therefore  used  for  the  first  case  study  among  the  open  shel¬ 
ter  types. 

At  the  time  of  writing,  serious  questions  remain  concerning  the  fea¬ 
sibility  of  Type  IV  shelter,  as  discussed  in  the  Open  Shelter  section  of 
this  Chapter.  The  purpose  of  this  case  study,  therefore,  was  to  make 
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some  approximate  cost  comparisons  between  closed  and  open  shelter,  whether 
or  not  the  latter  was  of  questionable  feasibility  from  a  survival  stand¬ 
point  at  the  time  of  the  study. 

Building  2  is  described  in  general  terms  in  Chapter  7.  The  designed 
basement  floor  plan  is  shown  in  Figure  8-2  and  the  slanted  version  in 
Figure  8-2B  (black  lines  show  slanting  structural  and  architectural 
changes,  gray  lines  show  the  original  design).  The  shelter  occupies  the 
full  basement,  excluding  the  interior  stairwell  and  the  exit  hallway  lead¬ 
ing  to  the  exterior  stairs.  Table  8.2B  provides  a  list  of  slanting  changes, 
keyed  to  Figure  8-2B,  as  well  as  the  estimated  additional  cost  of  each 
change  item.  Interior  shelter  walls  are  blast  resistant. 

In  contrast  to  Building  2A,  Building  2B  uses  the  original,  natural 
cross-ventilation  scheme  contemplated  for  the  large,  open,  basement  por¬ 
tion  used  in  the  slanted  version  as  open  shelter.  Supplementary  ventila¬ 
tion  needs  could  be  met  by  OCD  packaged  equipment.  Some  closed  shelter 
space  was  considered  necessary  because  of  the  type  of  equipment  in  the 
boiler  room  and  the  need  for  blast  resistant  storage  for  certain  supply 
items.  However,  because  the  ratio  of  closed  to  open  shelter  areas  (49%) 
is  probably  atypical,  a  later  summary  (Table  8.0A)  shows  separate  esti¬ 
mates  for  the  open,  closed,  and  total  shelter  areas  of  Building  2B,  in 
order  that  the  unit  costs  may  be  approximately  applied  to  other  ratios 
than  49%. 

For  this  fourth  case  study,  estimated  additional  slanting  costs  were 
close  to  the  Scope  limit  of  $6/sf  (about  7%  below,  when  both  are  corrected 
to  the  same  time  period). 

Later  work,  using  this  building  as  the  example,  made  a  brief  com¬ 
parison  of  the  centerline  support  system  used  in  slanting  (beams,  columns 
and  column  footings)  with  an  alternative  system  (wall  and  wall  footings). 

The  work  is  described  and  results  provided  in  a  later  section  of  this 
chapter.  The  alternative  system  indicated  a  potential  savings  in  esti¬ 
mated  slanting  costs  for  Building  2B  of  $3,078  (or  about  13%  of  the  total 
slanting  estimate  shown  in  Tables  8.2B  and  8.0A). 
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BUILDING  2B  SLANTING  (Type  IV  Open  Shelter) 
(Brentwood  Rehabilitation  Center,  Asheville,  N 
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additional 


blast  on  all  fixed  equipment  (e.g. ,  laundry  tubs) 
be  moved  out  during  warning  periods,  by  either: 


Costs  not  estimated,  but  probably  minor. 

Design  modification  considered  achievable  at  little  («$100)  or  no  8-49 

additional  cost. 


Building  2C 


Continuing  the  application  of  the  open  shelter  concepts,  Building  2C 
represents  a  Type  I  open  shelter,  thus  being  like  the  Building  2A  closed 
shelter  (Figure  8-2A)  except  for  having  one  entrance  lock  at  a  time  that 
remains  open  to  entering  shelterees.  Thus  the  text  remarks  under  Build¬ 
ing  2A  apply  to  Building  2C  as  well,  as  does  Figure  8-2.  Figure  8-2C 
shows  (in  black  lines)  the  slanting  structural  and  architectural  changes 
(gray  lines  show  the  original  design)  ,  as  applied  to  the  Figure  8-2  base¬ 
ment  floor  plan.  Table  8.2C  provides  a  list  of  the  slanting  changes, 
keyed  to  Figure  8-2C,  as  well  as  the  estimated  additional  cost  of  each 
change  item.  Interior  shelter  walls  are  not  blast  resistant. 

For  this  fifth  case  study,  estimated  additional  slanting  costs  were 
well  above  the  Scope  limit  of  $6/sf  (about  25%  high,  when  both  are  cor¬ 
rected  to  the  same  time  period);  however,  the  certainty  of  the  protection 
level  provided  was  high  for  an  "open"  shelter  concept. 


Table  8.2C 

BUILDING  2C  SLANTING  (Type  I  Open  Shelter) 
(Brentwood  Rehabilitation  Center,  Asheville,  N.C.) 


1  and  3  to  18.  Same  as  in  Table  8.2A.  $24,551 

19.  Provide  special  airlock  entrance  structure  (slab  6"  9,210 

thick)  ($6,559)  with  3  blast  doors  ($2,286)  and 
necessary  electrical -mechanical  changes  ($365) 


$33,761 

(June  1970  costs)  3,465  sf  $9.74/sf 
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FIG.  8-2C 

BUILDING  2C  BASEMENT  FLOOR  PLAN 


SCALE 


Building  3A 


Pursuing  slanting  case  studies  into  somewhat  larger  closed  shelters 
seemed  appropriate  after  the  lessons  of  Buildings  1A,  IB,  and  2A,  to  gain 
some  measure  of  possible  lower  slanting  unit  costs  with  increasing  shel¬ 
ter  size. 

The  building  is  described  in  general  terms  in  Chapter  7.  The  designed 
basement  floor  plan  is  shown  in  Figure  8-3,  and  the  slanted  version  in 
Figure  8-3A  (black  lines  show  slanting  structural  and  architectural  changes, 
gray  lines  show  the  original  design).  The  shelter  occupies  the  full  base¬ 
ment  excluding  the  two  interior  stairwells  to  upper  floors,  the  elevator 
shafts,  and  the  police  elevator  well  (no  door).  Table  8.3A  provides  a 
list  of  slanting  changes,  keyed  to  Figure  8-3A,  as  well  as  the  estimated 
additional  cost  of  each  change  item.  Interior  shelter  walls  are  not  blast 
resistant,  except  those  enclosing  the  interior  stairwells/elevator  shafts. 

While  Items  4,  5,  6,  8,  9,  and  10  of  Table  8.3A  deal  with  ventilation 
changes,  some  further  comments  on  the  environmental  aspects  alone  appear 
to  be  appropriate.  The  mechanical  plans  for  the  building  show  a  20,000 
cfm  exhaust  fan  that  provides  cooling  air  to  the  transformer  vault  or  re¬ 
moves  radiation  losses  from  the  emergency  diesel-electric  set  during  an 
emergency.  A  modified  environmental  control  plan  was  devised  that  pro¬ 
vides  for  air  conditioning  of  normally  occupied  spaces  in  the  basement 
and  also  uses  this  20,000  cfm  of  air  for  ventilating  the  basement  when 
all  habitable  spaces  are  to  be  densely  populated  during  an  attack.  For 
normal  use,  the  central  system  provides  air  conditioning  for  two  zones, 
the  Emergency  Operating  Center  (EOC)  zone  and  the  Elevator  Lobby/Storage 
Room  zone,  each  of  which  is  supplied  with  about  5,000  cfm  of  treated  air. 
With  50%  recirculation,  the  required  capacity  of  the  water  chiller  is 
about  34  tons.  For  shelter  use,  the  speed  of  the  zone  fans  would  be 
doubled  and,  consequently,  the  total  ventilation  rate  would  be  increased 
to  20,000  cfm,  which  is  about  15  cfm  per  shelteree  (based  on  10  sf  per 
person).  As  early  as  possible  in  the  postattack  period,  shelterees  in 
the  EOC  zone  would  presumably  be  relocated  to  permit  EOC  personnel  to 
function  more  effectively.  The  fan  for  the  EOC  zone  would  then  return 
to  normal  low  speed,  and  air  conditioning  would  be  restored.  High  speed 
operation  of  the  fans  may  be  accompanied  by  objectionable  noise.  To  ac¬ 
commodate  requirements  for  densely  populated  spaces  in  the  basement  shel¬ 
ter,  only  two  changes  appeared  to  be  needed  in  the  environmental  control 
system:  first,  two-speed  motors  and  controllers  for  the  zone  supply  fans 

and  second,  zone  supply  fans  with  Class  2  (rather  than  Class  1)  construc¬ 
tion  that  provides  reliable  operation  at  high  speed. 

For  this  sixth  case  study,  estimated  additional  slanting  costs  were 
under  the  Scope  limit  of  $6/sf  (about  21%  below  with  mezzanine,  about 
16%  below  without  mezzanine,  when  all  are  corrected  to  the  same  time 
period) . 
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FIG.  8-3 A 

BUILDING  3A  BASEMENT  FLOOR  PLAN  AND  SECTION 


BUILDING  3A  SLANTING 

(Columbus-Muskogee  County  Court  House,  Columbus 
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Modify  ventilation  system  at  and  above  ground  floor  level :  $  -135  $  -135  $  -135 

Relocate  AU-1,  AU-2,  and  RA-1  systems  to  ground  floor  stor¬ 
age  area  (Room  G-35) ($-1 ,343) ;  relocate  storage  to  basement  ($-1,343)  ($-1,343) 

shelter;  relocate  return  air  louvers  on  all  floors  from  east 
mechanical  shaft  to  west  (*);  provide  outside  air  supply 
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Design  modification  considered  achievable  at  little  («$100)  or 
no  additional  cost. 


Modify  present  electrical  distribution  of  emergency  power 
supply  to  provide  separate  cut-off  of  nonshelter  circuits. 
Shelter  emergency  power  to  serve  shelter  lighting,  heating 
ventilation,  water  pump,  and  sewage  ejector. 
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Design  modification  considered  achievable  at  little  («$100)  or 
no  additional  cost. 


Summary  Comments  -  First  Six  Case  Studies 

The  first  six  slanting  examples  include  four  closed  and  two  open 
shelters;  the  latter  are  one  Type  I  (closed  to  blast  but  open  to  ingress) 
and  one  Type  IV  (many  openings).  All  of  the  entranceways  have  ample 
capacity  (Table  1.1).  None  of  the  entranceway  configurations  was  spe¬ 
cifically  checked  for  shielding  adequacy  in  terms  of  initial  nuclear 
and  thermal  radiation,  or  fallout,  although  all  appear  to  be  satisfactory 
if  occupant  countermeasures  can  be  assumed  to  have  been  undertaken.  All 
design  changes  (slanting)  varied  between  schematic  and  preliminary,  the 
goal  being  bare  sufficiency  to  enable  the  estimator  to  make  a  reasonable 
cost  estimate.  All  estimates  were  prepared  by  a  professional  estimator. 
For  each  slanting  example,  a  full  set  of  contract  construction  plans 
(i.e.,  of  the  original  design)  was  available  and  used  by  both  designers 
and  the  estimator.  The  usual  rounding  off  of  dollar  values  was  not  done 
in  the  estimates  because  of  their  extensive  further  use  in  calculations 
of  percentages  and  other  ratios,  which  were  then  used  in  various  compari¬ 
sons;  the  lack  of  rounding  off  does  not  imply  any  greater  accuracy  than 
usual  for  building  cost  estimates  (see  Cost  Estimates  section,  Chapter  6). 

The  cost  estimates  for  each  of  the  six  slanting  examples  were  summar¬ 
ized  into  four  major  items  -  structural,  blast  doors,  ventilation,  and 
other  -  to  facilitate  comparisons  and  further  study.  A  review  was  made 
for  construction  work  that  must  be  done  at  time  of  building  construction 
versus  work  that  could  be  completed  later;  the  former  was  termed 
"nondef errable "  for  discussion  purposes.  Percentages  were  calculated 
for  ratios  of  each  major  item's  cost  to  the  total  slanting  cost  and  also 
of  the  nondeferrable  to  total  cost  for  each  major  item  and  total  slant¬ 
ing  cost.  Perhaps  of  most  interest  were  the  total  additional  costs  per 
square  foot  of  shelter  space,  for  each  example  and  all  reduced  to  the 
same  time  period. 

Table  8.0A  shows  the  foregoing  data.*  Building  2B  costs  (columns  2 
to  4)  show  open  portion,  closed  portion,  and  total  costs.  Building  3A 
costs  (columns  6  and  7)  show  two  building  options,  with  and  without  mez¬ 
zanine.  It  should  be  obvious  that  many  arbitrary  decisions  had  to  be 
made  in  preparing  the  table;  however,  the  table  was  prepared  and  all 
estimates/descriptions  of  work  items  for  all  slanted  buildings  were  re¬ 
viewed  by  an  architect  colleague,  both  because  of  his  diverse  background 
encompassing  architecture,  structures,  mechanical,  and  estimating  expe¬ 
rience  and  to  gain  another's  viewpoint. 


*  Plus  data  from  the  case  study  that  follows  (Building  4A) . 
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The  data  of  Table  8.0A  indicate  a  potential  for  lowered  slanting 
costs  in  open  versus  closed  shelter,  considering  total,  not  nondef errable , 
costs  (note  columns  2  and  1,  $5.07  versus  $5.78,  a  ratio  of  88%  for  open 
over  closed  shelter).  The  data  also  indicate  that  about  60%  of  slanting 
costs  in  closed  shelters  is  nondef errable  (Building  2C,  open  to  shelterees 
but  closed  to  blast,  is  more  comparable  to  the  closed  shelters  than  to  the 
other  open  shelter,  Building  2B) .  Building  2B  slanting  costs  (column  4) 
are  about  95%  nondef errable  as  one  might  expect  for  an  open  shelter. 

Considering  the  data  for  closed  shelters,  plus  Building  2C  (i.e., 
omitting  Buildings  2B  and  4A) ,  nondef errable  work  under  the  structural 
item  amounts  to  96%  to  99%  of  the  nondef errable  totals,  but  total  work 
under  structural  amounts  fo  57%  to  67%  of  the  building  totals,  blast 
doors  10%  to  19%,  and  combined  structural-blast  doors  66%  to  85%. 

The  sparse  data  indicate  that: 

•  An  open  shelter  (other  than  Type  I  such  as  Building  2C)  should 
probably  be  considered  only  for  complete  work  at  the  time  of 
building  construction,  because  deferrable  work  may  amount  to 
such  a  small  portion  of  the  total  work  (e.g.,  5%  in  column  5); 
inflation  may  reinforce  this  thinking. 

•  The  results  of  subsequent  work  showed  that  open  shelter  slant¬ 
ing  costs  are  more  sensitive  to  changes  in  design  overpressure 
than  closed  shelter  slanting  costs.  As  shelters  become 
smaller  in  floor  area,  say  below  3000  sf ,  slanting  costs 
begin  to  rise  markedly. 


*  Holders  of  earlier  versions  of  this  table  may  note  differences  among 
the  earlier  versions  and  the  version  herein.  Many  new  designs'*  were 
required  for  this  report ,  to  cover  the  range  of  overpressures  and  re¬ 
lated  slanting  estimates  reported  later  in  this  Chapter.  Frequently 
the  design  approach  of  the  15  psi  shelter  studies  used  for  the  current 
Table  8.0A  had  to  be  changed  from  that  used  earlier,  in  order  to 
better  suit  use  throughout  an  overpressure  range,  i.e.  ,  so  that  the 
calculation  of  estimate  ratios ,  say  for  each  overpressure  versus  a 
base  overpressure,  might  have  better  validity.  Such  15  psi  re-designs, 
plus  simply  finding  discrepancies  in  the  earlier  estimates,  generally 
account  for  the  differences  among  versions  of  the  table. 
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SUMMARY  OF  SLANTING  COST  ESTIMATES  (15  psi) 


Building  4A 


Building  4  was  selected  for  a  case  study  of  a  very  large,  open 
shelter  (Type  IV  -  many  openings),  thus  providing  cost  and  study  data 
to  supplement  earlier  data  on  a  small,  open  shelter  (Building  2B)  and 
to  include  a  shelter  some  eight  times  larger  than  the  largest  earlier 
one  (Building  3A) ,  open  or  closed. 

The  building  is  described  in  general  terms  in  Chapter  7.  The  two 
below-grade  levels  of  this  parking  garage  are  shown,  as  designed,  in 
Figures  8-4.1  and  8-4.2;  the  slanted  version  is  shown  in  Figures  8-4A.1 
and  8-4A.2  in  which  black  lines  show  slanting  changes  (dashed  lines  or 
Xs  for  deletions)  and  gray  lines  show  the  original  design.  Slanting 
was  planned  to  be  independent  of  any  slanting  of  the  adjacent  tower 
building  (Building  3A),  so  that  costs  and  problem  areas  might  be  more 
realistic  for  a  general  case,. 

The  shelter  occupies  both  sub— levels  of  the  parking  garage;  however, 
during  passage  of  the  direct  effects,  it  was  planned  to  move  personnel 
and  movable  equipment  out  of  the  more  hazardous  air  blast  areas  dis¬ 
cussed  further  below.  It  was  considered  necessary  to  cut  off  by  blast 
doors  the  air  blast  that  would  enter  the  shelter  spaces  through  stair¬ 
wells,  elevator  shafts,  and  the  proposed  ventilation  ducts/emergency 
exits;  to  do  otherwise  apparently  leaves  too  few  "safe"  floor  areas  for 
the  contemplated  number  of  shelterees.  Because  four  large  (auto  ramp) 
openings  remain,  however,  the  shelter  is  still  an  open  shelter  (Type  IV  - 
many  openings) . 

Table  8.4A  provides  a  list  of  slanting  changes  keyed  to  Figures 
8-4A. 1  and  8-4A.2,  as  well  as  the  estimated  additional  cost  of  each 
change  itfem.  Also  indicated  in  Table  8.4A  is  the  blast  loading  assumed 
to  act  on  each  of  many  of  the  structural  components.  Such  loadings 
considered  results  from  room  filling/jet  effect  calculations  (Appendix  e), 
but  were  finally  based  on  the  judgment  of  engineers  with  experience  in 
blast-resistant  design  and  full-scale  nuclear  tests.  Cost  data  were 
added  to  Table  8.0A  (column  9)  to  facilitate  various  cost  comparisons. 

For  this  seventh  case  study,  estimated  additional  slanting  costs 
were  under  the  Scope  limit  of  $6/sf  (about  22%  below  the  Scope  limit 
when  all  costs  are  corrected  to  the  same  time  period,  January  1968). 

For  the  cost  estimates  for  full  slanting  of  Building  4A  for  over¬ 
pressures  other  than  the  initially  used  15  psi,  the  large  number  of  dif¬ 
ferent  structural  members  in  this  big  shelter  precluded  as  too  costly  the 
redesign  of  each  member.  Instead,  a  few  members  considered  typical  of 
their  type  (e.g.,  floor  cover  slabs,  beams,  walls,  Columns)  were  redesigned, 
then  the  ratio  of  their  cost  to  that  of  the  15  psi  design  costs  was  applied 
to  all  members  of  that  type. 
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BUILDING  4  UPPER  SUB-LEVEL  FLOOR  PLAN 


BUILDING  4  LOWER  SUB-LEVEL  FLOOR  PLAN 
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BUILDING  4A  UPPER  SUB-LEVEL  FLOOR  PLAN 


INDICATES  REMOVAL  OF  COLUMN 


BUILDING  4A  LOWER  SUB-LEVEL  FLOOR  PLAN 
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Table  8.4A  (concluded) 
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Blast  loading:  15  psi  peak,  100  msec  rise-time,  1  Mt  yield,  no  in-  8-85 


The  shelter  should  be  cleared  of  cars  to  the  maximum  extent  possible 
following  an  alert  notice.  Any  remaining  cars  should  have  windows  open, 
be  located  in  the  "safer"  floor  areas  with  respect  to  the  air  blast  be¬ 
havior  discussed  further  below,  and  may  be  occupied  by  shelterees.  Re¬ 
ported  results  of  recent  tests  of  deliberately  set  fires  in  cars  parked 
in  an  enclosed  parking  garage4’  showed  a  modest  but  entirely  survivable 
fire  hazard;  the  more  significant  test  findings  were  as  follows: 

•  Intensity  and  size  of  car  interior  fires  are  closely  linked  with 
the  additional  fire  load  of  objects  scattered  inside  the  car. 

•  Generally  the  fire  remains  confined  to  the  car  for  a  very  long 
time  and  will  spread  to  adjacent  cars  only  under  certain 
conditions. 

•  Gas  tank  does  not  explode,  even  if  the  fire  rages  around  the 
tank  (tested  at  half  to  two-thirds  full);  the  gasoline  burns 
at  the  filler  cap  through  the  pressure  release  valve,*  the 
burned-out  tank  seal  and  the  melted  seams. 

•  Rear  tires  of  burning  vehicle  explode. 

•  Room  temperature  remained  bearable^ in  all  tests  (but  note  that 
only  one  test  fire  was  burning  at  any  one  time). 

•  With  the  automatic  sprinkler  system  inoperative,  smoke  produc¬ 
tion  did  not  impair  visibility  until  some  minutes  after  the 
fire  had  reached  its  full  proportions,  even  when  smoke  produc¬ 
tion  was  deliberately  heightened  by  burning  smoke  producing 
materials  (celluloid  waste,  tires,  motor  oil). 

•  With  the  automatic  sprinkler  system  operative,  its  opening 
caused  complete  smoke  obscuration  within  a  few  seconds; 
breathing  without  auxiliary  breathing  apparatus  was  then 
impossible,  as  well  could  be  evacuation  and  firefighting. 


*  Gas  tank  caps  in  modern  U.S.  and  European  cars  are  each  equipped  with 
a  spring-loaded  closure  that  opens,  under  extraordinary  internal 
pressure,  to  exhaust  vapor  to  the  atmosphere.  Under  ordinary  condi¬ 
tions,  the  spring  holds  the  cap  closed  to  the  seal.  It  is  understood 
that  cars  manufactured  before  1965  do  not  have  a  pressure  release 
valve  built  into  the  gas  tank  cap. 

t  Probably  not  if  space  were  full  of  shelterees,  however.  The  point  is 
that  gas  tank  hazard  is  not  as  severe  as  intuition  might  indicate, 
explosion  hazard  is  nil,  and  time  is  available  for  fire  counter¬ 
measures  or  evacuation. 
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•  Automatic  sprinkler  system  required  a  relatively  high  tempera¬ 
ture  at  ceiling  level  to  respond,  could  not  extinguish  a  car 
interior  fire,  spread  pools  of  burning  gasoline  and  thus  the 
fire,  and  caused  the  immediate  smoke  hazard  just  described. 

Ventilation  assumed  major  proportions  because  of  the  large  size 
of  this  case  study  shelter.  The  ventilation  planning  and  preliminary 
design  work  is  described  in  Appendix  H  and  is  intended  to  serve  as  an 
illustrative  example  of  such  mechanical  engineering  work  applied  to 
full  slanting  of  a  building.  Use  of  dual  emergency  generator  rooms 
(items  5  and  11,  Table  8.4A)  was  adopted  for  increased  reliability 
(either  of  the  two  50-kw  engine-generator  sets  could  operate  all  of 
the  ventilation  fans  at  their  lower  or  two-thirds  speed,  1200  rpm)  and 
because  a  fan  serving  a  generator  room  would  be  inadequate  (when  oper¬ 
ating  at  the  lower  speed)  to  provide  sufficient  cooling  air  for  a  single 
generator  installation  (100  kw) .  Figures  8-4A.3,  8-4A.4,  and  8-4A.5 
show  the  contemplated  ventilation  vaults,  the  latter  figure  including 
a  generator  room. 
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FIG.  8-4A.3 

TYPICAL  VENTILATION  VAULT  -  WEST  WALL 


FIG.  8-4A.4 

TYPICAL  VENTILATION  VAULT  -  EAST  WALL 
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FIG.  8-4A.5 

TYPICAL  VENTILATION  VAULT  WITH  GENERATOR  ROOM 
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SCALE 


For  a  review  of  interior  air  blast  behavior  in  room  filling  and 
jet  effects,  the  general  method  and  theory  in  Appendix  E  were  used. 

The  work  and  results  are  briefly  described  in  the  following  paragraphs. 

The  building  was  subjected  to  a  hypothetical  nuclear  blast,  and  the 
suitability  of  its  two  underground  floors  as  open  shelter  was  evaluated. 
Peak  free-field  overpressure  was  15  psi,  and  positive  phase  duration  about 
2  sec.^  Openings  between  shelter  spaces  and  the  free-field  blast  environ¬ 
ment  were  assumed  to  remain  free  of  debris  or  other  obstruction  to  inflow. 
As  part  of  the  slanting,  ramp  sidewalls  were  assumed  to  have  been  closed 
off,  at  least  on  the  side  facing  the  large  parking  areas,  and  the  openings 
from  the  ventilator  wells  into  the  two  sub-levels  to  have  been  closed. 
Interior  elevator  shafts  and  stairwells  were  assumed  to  have  been  pro¬ 
vided  with  blast  doors.  The  only  entries  for  air  blast  then  would  be 
through  the  auto  ramps. 

Detailed  results  are  shown  on  outline  floor  plans,  Figure  8-4A.6A.^ 
In  summary,  it  appears  that  approximately  two-thirds  of  the  upper  sub- 
level  area  lies  outside  the  more  conservatively  drawn  danger  zones  and 
all  of  the  lower  sub-level  is  "safe"  except  for  small  areas  (not  shown 
in  the  figure)  at  the  mouths  of  ramps  between  sub- levels. 


*  Prepared  by  a  colleague,  J.  R.  Rempel. 

+  See  details  below. 

^  Yields  of  1  and  10  Mt  (1.55  and  3.45  sec.  blast  duration)  are  shown, 
for  reasons  discussed  in  footnote  of  next  text  page.  No  estimated 
hazard  areas  found  on  lower  sub-level. 
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BUILDING  4A  AIR  BLAST  JETS  -  15  PSI 
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80  fps  criterion 


For  each  opening  expected  to  contribute  significant  air  blast,  two 
areas  are  outlined.  A  prone  human  body  located  athwart  the  blast  jet 
within  the  smaller  of  the  two  areas,  if  not  checked  or  restrained,  may 
be  accelerated  by  the  blast  wind  to  80  fps;  within  the  larger  the  final 
speed  may  be  20  fps.  These  values  correspond  approximately  to  speeds 
producing  death  in  humans  on  collision  with  a  massive  rigid  object: 

80  fps  for  whole  body  impact,  20  fps  for  head  impact. ^ 


t  Because  of  wide  individual  variability,  biological  hazard  criteria 
cover  a  range  of  values.  Available  evidence38’39  indicates  that 
serious  injury  or  death  by  head  impact  against  a  massive,  hard  object 
may  occur  at  a  speed  between  10  and  20  fps.  A  few  individuals  will 
be  seriously  hurt  or  killed  when  stopped  at  only  10  fps  and  some  not 
until  a  20  fps  speed  is  reached,  but  virtually  all  will  experience 
serious  injury  or  death  at  some  speed  within  the  range.  A  correspond¬ 
ing  hazard  range  for  whole  body  impact  in  a  direction  transverse  to 
the  spine  (but  with  head  and  neck  relatively  protected)  appears  to 
lie  near  80  fps  but,  at  the  present,  data  are  insufficient  to  provide 
a  meaningful  range.  Evidence  for  these  values  is  presented  and  dis¬ 
cussed  in  Reference  41.  Such  values  for  humans  are  not  precisely 
known  and  they  may  well  be  subject  to  some  adjustment  in  the  light  of 
further  study. 

Hazard  ranges  for  impacts  against  yielding  objects  and  in  directions 
other  than  transverse  to  the  spine  have  also  been  discussed  along  with 
some  physical  evidence  in  Ref.  41.  For  example,  tolerance  to  longitudina 
impact  ( in  a  direction  along  the  spine)  appears  to  lie  between  20  and  80 
fps;  in  these  cases  mortality  is  probably  connected  with  relatively  large 
displacements  of  viscera.  However,  without  more  detailed  analysis  of 
impact  parameters,  the  two  limits  used  in  Figure  8-4A.6A  are  believed  to 
be  adequate  to  suggest  the  hazard  to  a  prone  sliding/rolling  body,  which 
will  most  likely  be  decelerated  by  transverse  body  impact.  The  results 
in  the  figure  should  be  interpreted  as  showing  that  the  chances  of  sur¬ 
vival  in  the  smaller  danger  zone  (determined  by  the  80  fps  criterion)  are 
slight.  However,  in  the  larger  danger  zone,  while  some  shelterees  will 
be  killed  by  blows  to  the  head,  many  if  not  most  others  will  probably  sur 
vive  with  nothing  worse  than  broken  bones  or  dislocated  joints  as  they 
are  slammed  into  walls,  pillars,  furniture,  or  each  other  at  speeds  be¬ 
tween  20  and  80  fps.  Outside  both  zones,  even  broken  bones  should  be 
exceptional . 


The  estimated  hazard  areas  shown  in  Figure  8-4A.6A  are  conservative 
because  the  following  were  excluded  from  the  calculations:  less  danger¬ 
ous  bodily  orientations  than  athwart  the  blast;  sliding  friction;  any 
benefit  from  packing  of  shelterees;  and  the  possibilities  of  finding 
shelter  directly  under  high  openings  in  walls  or  of  a  body  moving  out¬ 
side  the  danger  area  before  reaching  critical  speed.  To  partly  compen¬ 
sate  for  such  conservatism,  the  upper  value  of  the  head  impact  hazard 
range,  20  fps,  was  used  in  determining  the  larger  hazard  areas  of  Figure 
8-4A.6A. 

Building  8-4A  was  also  used  as  an  example  of  a  very  large  open  shel¬ 
ter  in  studies  with  free-field  air  blast  peak  overpressures  other  than 
15  psi,  i.e.,  5,  10,  and  20  psi;  the  results  are  described  in  the  next 
section.  This  use  dictated  a  need  for  more  estimates  of  hazard  areas, 
which  were  made  using  the  same  approach  as  described  above  for  the  15 
psi  slanting  application.  Further,  the  need  for  blast  doors  between  the 
two  garage  levels  and  each  level's  6  elevator  and  stair  wells  led  to 
estimates  of  hazard  areas  with  these  12  blast  doors  omitted. 

Figures  8-4A.6B  and  C  show  estimated  hazard  areas  for  20  and  5  psi 

jj; 

peak  overpressures,  respectively,  using  10  Mt  weapon  yield.  While  these 
Figures  show  no  blast  doors  on  the  12  stair  and  elevator  wells,  the  Fig¬ 
ures  can  be  used  for  study  of  hazard  areas  with  the  12  blast  doors  used; 
the  estimated  hazard  areas  from  the  ramp  entrances  are  about  10%  larger 
when  the  12  blast  doors  are  used.  Whether  the  12  blast  doors  can  or 
should  be  omitted,  based  on  the  estimated  hazard  areas  shown  in  the  Fig¬ 
ures,  is  a  matter  of  judgment  that  must  in  turn  consider  at  least  two 
key  matters:  the  degree  of  accuracy  that  can  be  assigned  to  the  room 
filling/jet  effect  calculational  method  presented  by  Appendix  E;  and  a 
conclusion  about  the  discipline  of  the  shelterees  in  terms  of  taking 
carefully  spotted  locations  on  each  garage  level  when  so  instructed. 


*  Positive  phase  durations  of  3.06  and  5.27  psi,  respectively,  were  used; 
they  are  for  weapon  yield  of  about  10  Mt ,  as  calculated  from  Brode 
curves  of  Figure  2-1.  While  1  Mt  was  used  for  structural  components, 
they  are  nearly  insensitive  to  change  from  1  to  10  Mt;  however,  esti¬ 
mated  hazard  areas,  at  a  single  overpressure,  vary  about  as  positive 
phase  durations  (which  in  turn  vary  as  cube  root  of  yield).  Thus, 
for  1  Mt  positive  phase  durations,  about  1.37  (20  psi)  and  2.5  (5  psi) 
sec.,  estimated  hazard  areas  would  be  a  little  less  than  half  those 
shown  in  Figures  8-4A.6B  and  C  (jet  lengths  would  be  about  two-thirds). 
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UPPER  SUB-LEVEL 
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Slanting  Estimated  Costs  at  Peak  Overpressures  Other  Than  15  psi 


The  study  work  was  extended  to  cover  other  peak  overpressures  than 
the  15  psi  adopted  as  basic  for  the  original  feasibility  study  (Chapter  1 
and  other  references  herein) .  Two  each  open  and  closed  shelter  example 
buildings  were  used:  Buildings  2A  and  3A  for  closed,  and  Buildings  2B 
and  4A  for  open.  Peak  overpressures  selected  for  study,  in  addition  to 
the  original  15  psi,  were  5,  10  and  20  psi  for  the  open  shelters,  and  20 
and  30  psi  for  the  closed. 

Estimated  cost  results  have  been  added  to  each  building's  estimates 
table  as  originally  developed  for  15  psi;  i.e.,  Tables  8.2A,  8.2B,  8.3A 
and  8.4A.  In  addition,  cost  summary  tables,  similar  to  the  15  psi  sum¬ 
mary  table  (Table  8.0A),  are  included  herein:  Tables  8. OB,  8.0C,  8.0D 
and  8.0E  for  peak  overpressures  of  5,  10,  20  and  30  psi,  respectively. 

Table  8. OF  contains,  for  each  building,  at  each  overpressure,  ratios 
of  estimated  cost  compared  to  that  at  15  psi. 

Tentative  conclusions  might  include  the  following: 

•  Open  shelter  estimated  slanting  costs  appear  to  be  more  sensitive 
(or  at  least  equally  sensitive)  to  peak  overpressure  design  changes  than 
those  for  closed  shelters. 

•  Estimated  slanting  costs  for  the  larger  (open  and  closed)  shelters 
(Buildings  3A  and  4A)  were  under  the  Scope  limit  of  $6/sf  (4%  to  11%  below, 
when  all  costs  are  corrected  to  the  same  time  period)  for  a  design  peak 
overpressure  of  20  psi. 
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SUMMARY  OF  SLANTING  COST  ESTIMATES  (5  psi) 


02 

O 

00  ^ 

CO 

t- 

CM 

CO 

CO 

t- 

CM 

r- 

CO 

rH 

1 

CM 

CO 

CO  Q> 

rH 

O 

CM 

in 

02 

CM 

to 

Oi 

u 

0 

CM 

• 

tH 

rr 

• 

O 

• 

tH 

to 

• 

tH 

CO 

0 

r— l 

rH 

rH 

CO 

<H 

£2 

02 

o 

rH 

in 

in 

0 

C3 

CO 

CO 

CO 

TS 

U 

rH 

CM 

CM 

o 

02 

O 

tr 

CO 

m 

CO 

N 

o 

00 

m 

rH 

CM 

CM 

CO 

CO 

o 

rH 

CM 

m 

02 

CM 

m 

in 

pH 

IQ 

1 

CM 

• 

rH 

• 

O 

. 

to 

• 

o 

• 

pH 

a. 

to 

•» 

tH 

•» 

•* 

rH 

»• 

•> 

CO 

< 

o 

02 

CM 

H 

m 

X 

CO 

CO 

CM 

CO 

CO 

m 

rH 

rH 

CM 

** 

CM  O 
X  ^ 

CM  rf 


t-  ID 
CM 


X 


X 

X 

C2 

X 

1 

X 

| 

1 

1 

Q> 

N 

02 

CD  ^ 

i> 

X 

X 

Q> 

o 

o 

o> 

X 

02 

1 

U 

0 

X 

X 

X 

»o 

j 

1 

1 

X 

CM 

X 

• 

• 

rH 

G 

0 

rH 

02 

tH 

X 

•• 

tH 

X 

“  • 

G 

O 

SH 

CM 

o 

P 

S5 

0 

G 

X 

rH 

0 

T3 

P 

w 

X 

X 

X 

rH 

X 

O 

X 

o 

t> 

02 

X 

c^- 

X 

b* 

X 

m 

rH 

tH 

l> 

X 

X 

C'- 

X 

X 

X 

X 

X 

•• 

X 

• 

CM 

rH 

X 

1 

03 

rH 

• 

X 

. 

X 

«• 

X 

< 

r 

to 

X 

•* 

rH 

X 

X 

rH 

rH 

X 

C3 

X 

X 

o 

, 

L 

0 

O) 

t> 

X 

93 

C2 

1 

1 

1 

1 

1 

1 

s 

28 

1 

1 

1 

1 

1 

1 

X 

X 

X 

to 

02 

02 

X 

G 

0 

tH 

X 

• 

•» 

X 

X 

-o 

O 

<H 

£2 

X 

0 

G 

0 

g 

X 

01 

0 

’O 

p 

0 

X 

X 

X 

X 

o 

u 

to 

o 

C2 

X 

X 

o 

02 

X 

X 

1 

1 

1 

X 

X 

rH 

X 

0 

rH 

t> 

X 

02 

X 

o 

X 

1 

1 

1 

X 

•* 

• 

• 

CQ 

a 

« 

02 

o 

X 

CM 

< 

— 

to 

X 

r 

rH 

X 

rH 

1 

CM 

1 

1 

, 

X 

m 

N 

o 

O) 

X 

02 

rH 

G 

1 

u 

0 

X 

1 

1 

1 

rH 

X 

rH 

rH 

t- 

o 

0 

G 

0 

02 

tH 

X 

• 

X 

• 

rH 

«■ 

X* 

• 

■H 

0 

«H 

£> 

X 

**• 

X 

-P 

!*5 

0 

g 

X 

2B 

u 

0 

cu 

T3 

u 

CM 

o 

CM 

o 

o 

TF 

rH 

X 

G 

to 

m 

X 

02 

o 

X 

X 

o 

Is- 

rH 

0 

CM 

1 

02 

• 

rH 

rH 

X 

rH 

X 

X 

X 

• 

a 

< 

*» 

X 

X 

X 

• 

X 

•* 

0 

CM 

N-P 

X- 

«H 

* 

4— 

X 

«H 

* 

4- 

X 

P 

*  +- 

X 

P 

* 

4— 

X 

PI 

■¥- 

SH 

<H 

in 

U3 

cn 

C/l 

m 

m 

OT 

s 

s 

x 

\ 

\ 

\ 

\ 

X 

X 

X 

X 

X 

X 

X 

U2 

G 


3 

w 


0 

.G 

w 


u 

0 

o 

•v 


o 

G 

0 

faD  ~ 
p  rH 
0  0 
B  G 
0  g 
3 


>> 

G 

nS 


P 

u 

a 

G  G  -h 

£1 

Eh 

a 

a 

O 

G 

ns 

p 

p 

0  M  X  p 

P 

P 

u 

U 

•H 

B 

X 

m 

>  w  0  -H 

O 

G 

G 

cn 

X 

0 

0 

cn 

■H 

G 

3 

0 

Oh 

Oh 

£2 

■P 

►o 

►d 

U 

cn 

W 

< 

m 

o 

a 

44- 

44- 

* 

44- 

c  c 
P  P  W  G 
G 
0 


ratio  of  item  cost  to  total  cost. 

ratio  of  nondef errable  cost  to  item  (All)  cost. 

igineering  News-Record  Building  and  Construction  Cost  Indexes  (averaged)  to  convert  totals 
i  Francisco  area  to  EN-Rfs  20-cities  average  and  from  estimate  date  to  date(s)  shown. 


SUMMARY  OF  SLANTING  COST  ESTIMATES  (10  psi) 
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SUMMARY  OF  SLANTING  COST  ESTIMATES  (20  psi) 
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SUMMARY  OF  SLANTING  COST  ESTIMATES  (30  psi) 
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Table  8. OF 


SLANTING  COST  RATIOS  -  OTHER  OVERPRESSURES  VS.  15  PSI  SHELTERS 


BUILDING:  2A  3A  w/mezz. 

Closed  Closed 


2B 

Open 


4A 

Open 


(total  shelter) 
3,378 

(open  portion  only) 


AREA,  sf: 

3, 

,378 

16  1 

,351 

2,262 

130,522 

OVERPRESSURE: 

20 

30 

20 

30 

5 

10 

20 

5 

10 

20 

_____ 

’ 

""  " 

STRUCTURAL 

1.20 

1.63 

1.18 

1.52 

0.41 

0.42 

0.72 

0.71 

1,34 

1.37 

0.34 

0.73 

1.29 

BLAST  DOORS 

1.03 

1.10 

1.03 

1.24 

0.92 

0.91 

0.96 

0.96 

1.03 

1.06 

0.97 

0.99 

1.01 

VENTILATION 

1.00 

1.00 

1.00 

1.00 

0.87 

0.85 

0.93 

0.92 

1.04 

1.05 

0.99 

1.00 

1.00 

OTHER 

1.00 

1.00 

1.00 

1.00 

0.82 

0.82 

0.92 

0.92 

1.10 

1.10 

1.00 

1.00 

1.00 

TOTAL 

1.12 

1.37 

1.13 

1.39 

0.47 

0.42 

0.74 

0.73 

1.30 

1.34 

0.58 

0.83 

1.19 

NOTE  : 

PF100  fallout  protection  generally  means  an  8.5"  to  9.5"  cover  slab  over 
basement  (Table  5.1).  In  some  cases  -  such  as  short  spans  and  some  of  the  lower 
overpressure  medium  spans  -  these  PF100  thicknesses  were  controlling. 
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Support  Systems  -  Beams,  Columns  and  Footings  vs.  Wall  and  Wall  Footing 

Building  2B,  a  basement  shelter  offering  an  open  area  (2,262  sf) 
and  a  closed  area  (1,116  sf)  as  described  earlier  in  this  Chapter,  was 
subsequently  used  to  briefly  compare  the  slanting  costs  of  two  interior 
support  systems:  beam,  columns  and  column  footings  versus  wall  and  wall 
footing.  In  this  building,  the  support  systems  were  used  on  the  longi¬ 
tudinal  centerline  of  the  shelter,  in  both  open  and  closed  portions. 
Figure  8-2B  shows  use  of  the  beam-column  system,  which  in  Table  8.2B  is 
Item  2  and  the  shelter  cover  slab  is  Item  5.  The  interior  wall  "design" 
included  blast  resistance  against  the  very  short  differential  blast  load¬ 
ing  on  its  two  faces,  based  on  a  blast  wave  incident  to  a  building  side 
parallel  to  the  interior  wall  and  therefore  reaching  the  wall  more 
quickly  from  openings  in  the  building  blastward  side  than  from  the  lee¬ 
ward  side.  The  following  tabulation  shows  pertinent  slanting  estimated 
costs  for  the  two  support  systems,  as  applied  to  Building  2B  (15  psi 


shelter) : 

BEAM-COLUMN 

Shelter  Area 

WALL 

Shelter  Area 

Open 

Closed 

Total 

Open 

Closed 

Total 

Cover  slab 

$5,195 

2,363 

7,558 

5,475 

2,490 

7,965 

(13.5"th.) 

(14.5"th.) 

Beam 

1,672 

867 

2,539 

-994 

-393 

-1,387 

Columns 

488 

18 

506 

-225 

-225 

-450 

Interior  wall 

- 

- 

- 

3,081 

1,285 

4,366 

Footings 

3,157 

1,482 

4,639 

1,185 

485 

1,670 

TOTAL 

$10,512 

4,730 

15,242 

8,522 

3,642 

12,164 

(The  cover  slab  cost  less  in  the  beam-column  than  in  the  wall  system, 
because  of  a  shorter  span  to  the  very  wide  beam  than  to  the  wall.)  The 
wall  and  wall  footing  system  offered  a  savings  of  20  percent  compared  to 
the  beam,  columns  and  column  footings  system  in  this  one  slanting  applica- 
tion. 
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Blast  Door  Schemes  Used  for  Estimating 


Figure  8-OE  shows  three  blast  door  schemes  used  in  the  case  studies 
of  this  chapter.  Selected  details  and  cost  estimates  for  the  three  door 
schemes  are  shown  in  Table  8.0G. 

Design  p  was  most  often  used  as  1.3  to  3,  but  10  was  used  for  the 
hinged  steel  blast  doors  to  close  up  vents  that  had  no  emergency  exit 
function.  Designs  were  not  detailed  but  only  complete  enough  for  com¬ 
parative  cost  estimating  purposes.  With  blast  doors  representing  as 
much  as  about  20%  of  total  slanting  cost  in  a  shelter,  certainly  an 
early  candidate  for  finished  standard  designs  would  be  a  family  of  blast 
doors,  should  a  slanting  program  be  undertaken. 

Preventive  (not  breakdown)  maintenance  methods  would  be  an  absolute 
requirement  for  any  emergency  shelter  and  components,  and  the  adequacy 
of  such  maintenance  should  be  subjected  to  independent  scheduled  inspec¬ 
tions;  this  would  be  particularly  applicable  to  blast  doors. 

The  blast  door  schemes  used  were,  of  course,  predicated  on  manual 
rather  than  automatic  closing.  Manual  closing  was  considered  appropriate 
to  the  basic  nuclear  attack  and  low  cost  assumptions  stated  in  the  Stip¬ 
ulations  section  of  Chapter  1  (first  and  sixth  stipulations).  Blast- 
actuated  or  other  automatic-closing  blast  doors  are  generally  small,  not 
amenable  to  the  building  basement's  normal  or  non-shelter  use,  and  very 
expensive  (say  one  to  two  orders  of  magnitude  greater  than  the  doors 
contemplated  herein)  . 
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*  June  1970  costs,  San  Francisco  area;  use  multiple  of  about  1.29  to  June  1973,  ENR  20-cities, 
t  Sliding  doors 

Notation  on  structural  shapes  follows  (approximately)  AISC  Manual  of  Steel  Construction  7th  ed . ,  p.  1-10; 
e.g.,  C4X5.4  is  4"  channel  @5.4  plf,  PL  3/8X2  is  plate  3/8"  thick  by  2"  wide. 


Baffle  Walls  and  Blast  Drag  Pressures  (Jet  Effect) 


Appendix  E  provides  calculational  methods  for  predicting  average  air 
blast  pressure  rise  versus  time  in  a  shelter  space  (room  filling),  as 
well  as  drag  (wind)  pressures  for  various  locations  within  the  shelter 
(jet  effect).  The  final  section  of  Appendix  E  describes  the  use  of  an 
interactive  (conversational)  computer  program  and  includes  a  listing  of 
the  FORTRAN  program. 

Because  of  the  jet  effect  hazard  to  humans,  moved  directly  or  by 
being  hit  by  flying  objects,  an  investigation  was  made  to  determine  the 
potential  of  baffle  walls  for  reducing  the  jet  effect,  as  well  as  the 
usual  purpose  of  turning  its  direction. 

Briefly  stated,  baffle  walls  were  found  to  offer  only  the  possi¬ 
bility  of  flow  division  in  shelter  from  megaton  weapons,  rather  than 
reduction  of  the  intrinsic  hazard  within  the  jet  itself.  Friction  in 
any  reasonable  number  of  turns  was  found  to  be  too  small  to  be  of  any 
consequence.  The  study  ignored  the  initial  shock  wave,  which  is  very 
weak,  thus  considering  (in  many  short  increments  of  time)  only  the 
quasi-steady  drag  pressures;  a  discussion  of  this  matter  is  included 
in  Appendix  E.  Use  of  baffles  to  concentrate  hazardous  jets  within  a 
part  of  the  shelter  space  should  be  considered. 

After  a  series  of  measurements  of  dynamic  pressure  in  model  rooms 
exposed  in  a  shock  tube  to  overpressures  in  the  range  of  5  to  20  psi,  ^ 

CouLte.r _ concluded  that  a  baffle  inside  the  entrance  significantly  re-  \j^ 

duced  the  dynamic  pressure  in  the  jet  entering  the  room,  although  the 
baffle  had  no  significant  effect  on  the  filling  time  of  the  room  regard¬ 
less  of  where  in  the  room  the  filling  time  was  observed.  The  mechanism 
of  this  reduction  in  dynamic  pressure  may  be  a  slight  delay  in  the  forma¬ 
tion  of  the  jet  into  the  room.  It  has  not  been  shown  that  a  significant 
reduction  in  dynamic  pressure  would  appear  in  a  full  size  room  struck  by 
air  blast  from  a  megaton  weapon.^  In  any  case,  baffles  may  be  valuable 
in  diverting  flow  from  occupied  areas. 


*  Ref.  21  of  Appendix  E. 

t  See  a  discussion  of  baffles  in  Section  IIC2  of  Appendix  E. 
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Room  Filling  Maximum  Interior  Pressure 


Interest  in  shelter  interior  pressure  buildup  through  room  filling 
from  a  nuclear  air  blast  wave  -  as  it  might  occur  in  large  spaces,  such 
as  caverns  or  mines,  with  few  or  many  openings  at  various  angles  of  in¬ 
cidence  to  the  blast  wave  -  led  to  the  running  of  several  solutions  us¬ 
ing  the  computer  program  shown  in  the  last  section  of  Appendix  E. 

Two  values  of  free-field  blast  overpressure  were  assumed  10  and 
20  psi,*  and  the  ratio  of  total  shelter  volume  (V,  cf)  to  the  sum  of  the 
area  of  all  apertures/openings  (A,  sf)  was  used.  Calculations  were  made 
for  the  limits  represented  by  all  openings  being  either  hit  side-on  by 
the  air  blast,  or  hit  by  a  fully  reflected  wave  as  if  in  the  front  wall 
of  a  block-house  structure. 

When  the  value  of  a  graph  showing  all  solutions  became  apparent, 
sufficient  calculations  were  made  to  cover  the  range  of  V/A  from  10  ft 
to  10®  ft,  and  for  both  side-on  and  fully  reflected  angles  of  blast  wave 
incidence.  The  results  are  shown  by  Figure  8-OF  for  maximum  interior 
overpressure  and  by  Figure  8-OG  for  time  (seconds)  to  reach  such  maximum 
pressure . 

The  curves  of  Figure  8-OF  are  drawn  to  two  scales  of  maximum  in¬ 
terior  pressure,  with  arrows  to  indicate  which  scale  applies  to  each 
group  of  curves.  In  the  V/A  range  of  values  from  103  to  104  there  are 
curve  groups  for  both  scales.  For  example,  when  V/A  equals  103  a  maxi¬ 
mum  interior  pressure  value  of  7.4  psi  may  be  read  on  the  left  side 
scale  for  a  free-field  overpressure  of  10  psi  (side-on);  using  the  sim¬ 
ilar  curve  from  the  upper  group  of  curves,  and  reading  on  the  right  side 
scale,  the  value  is  7.45  psi. 


*  Duration  of  positive  pressure  values  were  based  on  5  Mt  yield. 
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V/A  (ft) 


FIG,  8-OF  MAXIMUM  INTERIOR  PRESSURE  VERSUS  V/A  (ROOM  VOLUME/TOTAL 
APERTURE  AREA) 
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MAXIMUM  INTERIOR  PRESSURE  (psi) 


TIME  TO  MAXIMUM  INTERIOR  PRESSURE  (SECONDS) 


10  102  103  104  105  106 

V/A  (ft) 


FIG,  8-0G  TIME  TO  MAXIMUM  INTERIOR  PRESSURE  VERSUS  V/A  (ROOM  VOLUME/ 
TOTAL  APERTURE  AREA) 
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Appendix  E 

ROOM  FILLING  FROM  AIR  BLAST 
By  J.  R.  Rempel 


E-l 


PREFACE 


This  appendix  is  intended  to  serve  both  as  a  source  of  immediately 
applicable  methodology  and  as  a  guide  to  the  underlying  gas  dynamic 
theory.  Those  interested  more  in  applying  the  methodology  than  in  der¬ 
ivations  and  comparisons  of  calculated  and  observed  results  will  find  the 
following  parts  of  this  appendix  of  particular  importance: 

Location  _ Description _ 

Section  IIA  The  simplest  and  fastest  method  of  estimating 

average  pressure  in  a  room  as  a  function  of  time; 
adequate  for  many  purposes.  The  room  may  have 
one  or  more  openings  to  the  outside  pressure 
source  or  sources. 

Section  IIB3  Two  different  methods  for  a  step-by-step,  hand 

calculation  providing  average  room  pressure,  as 
well  as  dynamic  pressure  in  the  opening;  valid 
for  all  flows  through  a  single  opening  into  a 
single  room  when  the  outside  pressure  is  known 
as  a  function  of  time.  Either  method  may  be 
used  but  Method  F  is  recommended  for  inflow, 

Method  D  for  outflow. 

General  formulas  describing  geometric  extent  of 
the  jet  created  inside  the  room  by  inflowing  air 
and  for  dynamic  pressure  distribution  within  the 
jet.  Provides  basis  for  calculation  of  jet  dis¬ 
tribution  in  Table  E-3. 

A  computer  program  to  calculate  average  pressure 
within  a  single  room,  as  well  as  dynamic  pres¬ 
sure  distribution  around  as  many  as  eight  open¬ 
ings  as  functions  of  time  when  the  single  room 
has  openings  into  several  different  pressure 
fields  (e.g.,  a  room  with  front,  rear,  and  side 
windows  struck  by  a  blast  on  the  front  wall) . 

If  desired,  follows  translation  of  objects 
caught  in  jet. 


Section  IIC 


Table  E-3 


E-3 
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Location 


Description 


Section  IVB  A  specific  numerical  example  using  one  of  the 

step-by-step  procedures  set  forth  in  Section 
IIB3  for  the  calculation  of  average  room  pres¬ 
sure,  as  well  as  dynamic  pressure  in  each  open¬ 
ing,  during  filling  of  a  single  room  through 
two  openings  into  separate  pressure  fields. 

Also  illustrates  the  calculation  of  certain 
nuclear  blast  wave  parameters. 

The  Notation  section  near  the  end  of  this  Appendix  defines  the 
symbols  used  in  the  methodologies  just  described;  the  computer  program 
versions  of  some  of  these  symbols  appear  also  in  the  Notation  section. 
Subscripts  not  explained  there  refer  to  physical  spaces,  i.e.,  sub¬ 
script  1  indicates  quantity  is  measured  outside  the  room;  other  odd- 
numbered  subscripts  refer  to  interior  of  rooms  and  even-numbered  sub¬ 
scripts  refer  to  connecting  ducts  or  openings. 
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ROOM  FILLING  FROM  AIR  BLAST 
By  J.  R.  Rempel 


I  Introduction 


When  a  blast  wave  strikes  a  building,  even  should  the  structure  with¬ 
stand  the  initial  impact,  the  resulting  inflow  of  air  through  windows  and 
other  openings  can  be  critical  in  determining  the  safety  of  any  people 
sheltered  by  the  structure  and  in  determining  the  response  of  the  struc¬ 
ture  itself  to  the  blast  impact.  Although  the  physical  laws  obeyed  by 
moving  gases  are  well  known  and  the  course  of  the  inflow  in  filling  the 
building  can  in  principle  be  calculated  completely,  any  such  calculation 
is  far  too  lengthy  to  be  practical  for  most  purposes;  fortunately,  sim¬ 
plifications  can  be  introduced  which  greatly  shorten  the  labor  of  estimat¬ 
ing  effects  of  the  blast  inside  the  building  and  which  give  results  in 
good  to  fair  agreement  with  experiments  done  with  small  models.  In  gen¬ 
eral,  the  effect  of  the  inflow  is  to  provide  a  stream  of  fast  moving  air 
in  the  shelter  space  which  may  (1)  endanger  shelterees  by  hurling  them 
against  large  relatively  fixed  objects  or  by  hurling  objects  against  them, 
(2)  provide  a  back  pressure  on  the  inner  surfaces  of  outside  structure 
walls  countering  the  blast  pressures  on  their  outer  surfaces,  and  (3) 
provide  pressure  against  interior  walls. 

Several  factors  enter  into  the  calculation:  the  pressure  outside 
each  wall  with  openings  and  the  time  each  opening  becomes  available,  the 
area  occupied  by  each  opening  and  the  volume  of  each  room,  the  number  of 
connected  rooms  and  the  area  of  each  connection,  and  the  ambient  pressure 
and  temperature  in  the  building  before  the  blast  strikes  .  Perhaps  the  first 
of  these  to  consider  is  what  proportion  of  the  wall  exposed  to  the  blast 
is  open.  If  this  fraction  is  greater  than  one  half,  the  shock  front  lead¬ 
ing  the  blast  wave  will  pass  into  the  building  only  slightly  weakened  and 
subsequent  inside  pressure  should  be  estimated  from  a  knowledge  of  shock 
pressure  and  the  laws  of  shock  reflection.  Methods  appropriate  to  this 
case  are  only  touched  upon  here.  On  the  other  hand,  should  the  fraction 
be  less  than  one  tenth,  clearly  the  filling  is  not  a  shock  process  and 
the  methods  treated  here  are  quite  pertinent.  Unfortunately,  in  many 
applications  the  fraction  of  open  area  will  lie  between  these  two  ex¬ 
tremes  and,  in  these  cases  after  the  room  filling  calculation  has  been 
completed  according  to  the  methods  suggested  here ,  some  thought  must  be 
given  independently  to  the  influence  of  the  entering  shock  front. 
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When  the  source  of  the  blast  wave  is  an  explosion  and  the  location  of 
the  building  in  relation  to  the  point  of  explosion  is  known  or  postulated, 
"free-field"  pressure  histories  at  the  building  site  can  be  found  in  stan¬ 
dard  references  f  ’ 2 ' 1^and  from  these  histories  well-known  methods1'3  are 
available  to  derive  approximate  histories  on  the  outside  of  the  walls  of 
the  building.  Briefly,  these  methods  account  for  a  short-lived  peak  of 
pressure  created. by  the  impact  of  the  front  upon  the  wall  nearest  the  ex¬ 
plosion,  the  relatively  fast  erosion  of  this  high  pressure  to  a  level  which 
is  the  sum  of  the  free  field  pressure  plus  a  drag  pressure  on  the  wall 
due  to  the  high  winds  behind  the  blast  front.  This  quasi-steady  pressure 
then  decays  slowly  to  zero  as  the  blast  wave  moves  onward  past  the  struc¬ 
ture  . 


Ordinary  window  glass  breaks  rather  quickly,  i.e.,  within  8  ms  (milli¬ 
seconds)  or  less  when  struck  by  blast  overpressure  of  1  psi  (pound  per 
square  inch)  or  more.4  Doors  may  withstand  outside  pressure  longer,  or 
even  altogether.  The  time  an  opening  becomes  available  with  respect  to 
the  first  impact  of  the  blast  upon  the  building  becomes,  then,  the  break¬ 
ing  time  plus  the  time  required  by  the  wave  to  travel  from  the  wall  near¬ 
est  the  explosion  to  the  opening.  If  the  opening  is  in  the  wall  nearest 
the  explosion,  travel  time  is  of  course  zero.  Strictly,  the  decay  of  the 
blast  wave  overpressure  which  occurs  during  this  time  must  be  taken  into 
account,  but  when  the  blast  arises  from  a  nuclear  explosion  of  yield 
greater  than  a  few  kt  (kilotons), this  decay  is  slight  and  negligible;  that 
is,  a  single  "free-field"  pressure  history  for  all  openings  may  be  assumed. 

The  methods  given  here  are  simplified  and  their  use  leads  only  to 
estimates.  They  are  intended  to  provide:  (1)  calculations  applicable 
to  hand  computation  by  those  untrained  in  gas  dynamics  and  (2)  approxi¬ 
mate  results  useful  until  more  careful  calculations  are  made.  Only  in 
the  case  of  the  simplest  structural  configurations  and  the  simplest  pres¬ 
sure  history  shapes  can  limits  of  error  be  suggested  for  these  results. 

Such  cases  are  the  subject  of  the  discussion  immediately  below. 


II  Classical  Nuclear  Blast  Wave  Incident  upon  a  Single  Room 
with  Openings  into  Single  Pressure  Field 

A .  Estimation  of  Inside  Pressure  History 

The  "classical"  blast  wave  from  nuclear  explosions  consists  of  a  steep 
pressure  front  or  rise  followed  by  a  long-lasting  decay  phase,  during  which 
the  pressure  in  the  wave  falls  to  zero.  It  is  accompanied  by  high  winds 
giving  rise  to  dynamic  pressure  against  objects  in  the  stream.  Striking 
a  wall  at  normal  or  near  normal  incidence,  it  creates  a  high-pressure 


*  References  for  Appendix  E  are  listed  at  the  end  of  the  appendix. 
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zone  at  the  surface,  which  however  is  rapidly  eroded  as  relief  waves  move 
across  the  wall  face  from  the  edges.  As  a  first  approximation  in  the  cal¬ 
culation  of  room  filling,  this  reflected  phase  can  usually  be  neglected. 
Following  the  decay  of  the  high  reflected  pressure,  the  quasi-steady  pres¬ 
sure  (free  field  plus  drag)  remains  against  the  wall  for  hundreds  of 
milliseconds  to  several  seconds,  depending  on  explosive  yield.  Generally 
filling  is  complete  before  this  quasi-steady  pressure  has  fallen  more  than 
a  few  percent;  hence,  as  a  first  approximation  the  outside  pressure  may 
often  be  considered  constant  and,  if  only  a  single  wall  with  opening  is 
exposed  to  the  blast,,  the  time  AT  (in  milliseconds)  to  complete  filling 
may  be  computed  as  the  ratio  tJj,  where  V  is  room  volume  in  cubic  feet  and 
A  is  area  of  opening  in  square  feet  ,*  The  average  room  pressure  at  any 
time  t  during  the  filling  process  is  then  simply  the  fraction  of  the  quasi¬ 
steady  outside  pressure  given  by  the  ratio  For  the  purposes  of  this 

calculation,  areas  of  several  openings  in  the  same  wall  should  be  added 
together  to  form  the  quantity  A.  ^ 

In  case  there  are  two  or  more  walls  with  openings  exposed  to  the  blast 
and  each  such  wall  sustains  a  different  outside  pressure  history  (as  will 
happen,  for  example,  when  the  drag  coefficient  is  different  for  two  walls), 
the  calculation  is  more  complicated  but  first  estimates  of  filling  time 
and  average  inside  pressure  during  filling  can  be  found  by  adding  interior 
pressures  calculated  as  if  each  wall  alone  were  exposed.  As  an  example, 
consider  a  room  of  volume  30'xl0'xl0'  =  3000  ft3  in  which  the  front  wall 
has  total  openings  of  36  sf  and  side  walls  have  total  openings  of  60  sf . 

The  ratios  for  the  front  and  side  walls  are  41.7  and  25  ft,  re¬ 

spectively.  If  the  quasi-steady  overpressure  on  the  front  wall  is  10  psig 
(pounds  per  square  inch  -  gauge)  and  on  the  side  wall  8  psig  and  if,  further, 
the  side  wall  opening  becomes  available  10  ms  after  the  first  blast  im¬ 
pact,  then  the  average  inside  pressure  will  be  approximately  as  shown  in 
Figure  E-l  by  the  heavy  line  OAFG.  In  other  words  the  room  will  fill  in 
approximately  24  ms.  Lines  OAC  and  DE  represent  filling  rates  through 
front  and  side  walls, respectively ;  and  ordinates  of  OAC  and  DE  are  added 
to  form  the  line  OAF.  Of  course  after  the  average  inside  pressure  ex¬ 
ceeds  8  psi  there  will  be  outflow  through  the  side  wall;  to  allow  for 
this  loss,  the  line  FG  has  been  placed  between  the  outside  pressure  at 
the  side  wall  (8  psig)  and  the  outside  pressure  at  the  front  wall  (10  psig) . 
The  ordinate  at  FG  is  closer  to  8  psig  than  to  10  psig  because  the  area 
of  the  opening  in  the  side  wall  is  greater  than  that  in  the  front  wall. 

The  line  FG  is  intended  to  represent  the  final  quasi-equilibrium  pressure 
in  the  room.  As  outside  pressure  slowly  falls  to  normal,  room  pressure 
will  follow  it. 


*  Empirical  relationship,  dimensionally  inconsistent.  Meanings  of 

symbols  as  used  in  this  Appendix  are  defined  as  introduced  and  under 
Notation”  at  end  of  Appendix. 

t  The  experimental  justification  of  most  of  the  procedures  described  in 
this  section  is  demonstrated  later  in  Figures  E-4,  E-5,  E-6  and  E-8. 
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FIGURE  E-1  APPROXIMATE  FILLING  RATE  THROUGH  TWO  WALLS 

These  simple  calculations  do  not  apply  when  the  reflected  pressure 
lasts  an  appreciable  length  of  time,  or  when  the  wave  is  nonclassical , 
such  as  it  would  be  were  a  precursor  present .  Under  these  conditions  the 
more  detailed  methods  set  forth  below  must  be  followed. 

24 

A  theoretical  justification  due  to  Kriebel  of  the  approximate 
filling  time  A  T  =  V/2A  appears  below  in  Section  IIB1. 


B .  Detailed  Calculation  of  Inside  Pressure  History 

Confidence  in  the  simple  method  noted  above  rests  upon  experience 
with  a  step-by-step  calculation  and  comparison  of  its  results  with  ex¬ 
periments.  This  calculation  applies  the  principles  of  steady  isentropic 
flow  in  ducts  in  successive,  small  time  intervals.  Conditions  computed 
for  the  end  of  one  time  step  become  initial  conditions  for  the  next  step. 
Conservation  of  energy,  momentum  and  mass,  along  with  the  assumption 
that  the  air  behaves  as  a  perfect  gas  with  constant  specific  heats, 
determine  the  thermodynamic  variables,  pressure,  temperature  and  density, 
as  well  as  the  wind  speed  through  the  opening.  Unique  expressions  lend¬ 
ing  themselves  to  simple  calculation  cannot  be  given  for  the  laws  of  con¬ 
servation  of  energy  and  momentum,  so  alternative  forms  leading  to  some¬ 
what  different  results  will  be  stated.  All  such  expressions  rely  upon 
certain  approximations  to  the  conservation  laws,  and  these  approximations 
usually  introduce  errors  into  the  results  in  comparison  with  which  the 
approximations  arising  in  the  assumptions  of  isentropy,  perfect  gas  be¬ 
havior,  and  constant  specific  heats  are  negligible. 
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1.  Inflow.  Figure  E-2  shows  the  idealized  room  with  a  single  open¬ 
ing  struck  head-on  by  a  blast  wave.  Three  regions  are  noted:  the  outside 
©,  the  doorway  ©.which  serves  as  a  duct  connecting  the  outside  with  the 
room  (3).  In  order  to  make  the  calculations  tractable,  uniformity  of  con¬ 
ditions  in  each  of  the  two  regions©  and  (3)  and  over  the  cross  section  of 
region  (3)  is  assumed;  furthermore,  during  each  small  time  interval  At,  steady 
conditions  are  assumed  in  each  region.  During  the  aforementioned  quasi¬ 
steady  state  outside  the  building, these  assumptions  are  probably  valid  for 
region  ©  but  they  clearly  introduce  error  if  the  reflection  or  diffraction 
phase  lasts  an  appreciable  time,  for  during  that  episode  relief  waves  are 
moving  into  the  region  from  the  edges  of  the  building  as  well  as  from  the 
doorway  itself  causing  rapid  fluctuations  in  wind  speed  and  pressure . 

(Some  account  is  taken  of  changes  in  pressure  during  the  diffraction  epi¬ 
sode  by  the  standard  techniques  of  estimating  outside  pressure.)  Similar 
remarks  can  be  made  concerning  regions©  and©,  but  if  we  are  content  to 
deal  with  "average"  pressure  and  speed  in  those  two  regions,  we  may  apply 
the  step-by-step  isentropic  analysis.  However,  our  present  methods  do 
not  provide  for  any  apportionment  of  gaseous  energy  in  region  ©  between 
streaming  kinetic  energy  and  internal  energy;  for  simplicity  of  calcula¬ 
tion  it  will  be  treated  as  entirely  internal  at  all  times,  which  will 
cause  overestimation  of  pressure  and  neglect  of  winds  within  the  chamber. 
In  evaluating  the  wind  threat,  the  speed  and  dynamic  pressure  in  the 
duct  ©  must  be  regarded  as  the  upper  bounds  on  wind  speed  and  dynamic 
pressure  in  region©.  Later,  methods  will  be  given  for  estimating  change 
in  dynamic  pressure  as  the  wind  moves  into  the  room. 


FIGURE  E-2  THE  FILLING  CHAMBER 
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In  writing  the  conservation  equations,  two  views  can  be  taken  of  con¬ 
ditions  in  region (1).  On  the  one  hand,  pressure',  density  and  wind  speed  may 
be  those  of  the  free  field  behind  the  blast  front  or,  on  the  other  hand, 
the  air  upstream  of  the  opening  may  be  treated  as  stagnate  at  a  pressure 
above  free  field,  either  by  the  amount  of  the  reflected  pressure  or  by  the 
amount  of  the  product  of  the  drag  coefficient  and  dynamic  pressure.  Pro¬ 
vided  drag  coefficients  are  known,  the  second  view  is  more  simply  applied, 
especially  when  the  blast  front  does  not  meet  the  wall  head-on.  In  what 
follows, the  pressure,  Px ,  and  density,  px ,  in  region (l)  will  be  those  of 
stagnate  air  outside  the  wall.  The  work  done  in  moving  a  mass  element 
Am  in  region (1)  through  a  small  distance  Ax  toward  region(2)is: 


P„  A  dx  =  P  AV  =  p  •  — 

11  11  1  Px 

where  is  the  cross  sectional  area,  and  AV  is  the  volume  occupied  by 
Am  in  region  The  mass  element  carries  with  it  the  internal  energy  it 
had  in  region  (3),  i.e., 


„  P 

1  .  1  .  Am 

Y  -  1  P± 

where  y  is  the  ratio  of  specific  heat  at  constant  pressure  to  the  specific 
heat  at  constant  volume.  (The  perfect  gas  equation  of  state  is  assumed; 
see  Ref.  5.)  If  the  flow  into  the  room  is  steady,  energy  conservation 
requires  that  the  same  total  energy,  specifically,  the  sum 

P  P  P 

1  .  _1  .  Am  _1  .  Am  =  y  ,  1  .  Am 

Y  "  1  px  +  px  Y  -  ! 

be  given  up  within  region  (2) during  the  same  time  interval .  Furthermore, 
mass  conservation  asserts  that  the  mass  element  moving  through  region (5) 
toward  region @  equal  Am.  The  work  done  in  region @ in  pressing  the  mass 
element  toward  region  (3)  is 

P 

2  Am 


and  the  internal  energy  in  the  element  is 


E-16 


where  the  subscript  2  denotes  conditions  in  region  (2).  Since  the  air  is 
flowing  into  the  room,  however,  the  element  in  (2)  also  carries  (streaming) 
kinetic  energy  of  amount 


where  u  designates  particle  or  material  speed.  Thus,  if  conditions  are 
not  changing  too  fast,  we  can  write  (cancelling  out  the  factor  Am): 

P  P 

V-_  .  _!  =  1  ...  .  +  i  u2  (  1 ) 

Y  “  1  Pt  Y  -  1  P2  22 

To  apply  conservation  of  linear  momentum  we  consider  a  control  sur¬ 
face,  shown  dashed  in  Figure  E-3,  enclosing  an  arbitrarily  shaped  volume 
outside  the  room  and  a  portion  of  the  entry  duct  (or  doorway).  Thus,  a 
part  of  the  control  surface  spans  the  duct  throat  where  the  air  is  moving 
rapidly  into  the  room  and  consequently  the  air  pressure  P2  is  much  lower 


FIGURE  E-3  FIRST  CONTROL  SURFACE 
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than  the  air  pressure  elsewhere  within  and  on  the  control  surface. 
Newton's  second  law  of  motion  states  the  net  force  in  any  direction  on 
the  air  mass  within  the  surface  must  equal  the  time  rate  of  change  of 
momentum  in  the  same  direction  within  the  surface.  Because  of  symmetry 
there  is  no  net  force  in  any  but  the  x-direction;  the  net  force  (neg¬ 
lecting  friction  and  viscous  effects)  in  the  x-direction  is  the  differ¬ 
ence  between  the  high  outside  air  pressure  and  the  low  duct  air  pressure 
integrated  over  the  duct  throat,  i.e.,  the  net  force  is: 


This  net  force  is  balanced  by  a  rate  of  change  in  momentum,  which  arises 
from  two  sources:  (1)  an  acceleration  of  air  within  the  control  surface 
toward  the  open  duct  and  (2)  the  high  speed  flow  of  air  through  the  duct 
and  out  of  the  volume  enclosed  by  the  control  surface  altogether.  After 
the  initial  diffraction  of  the  shock  wave  through  the  doorway  and  after 
jet  flow  has  been  established  into  the  room,^  the  second  of  these  sources 
is  the  more  important  and  we  neglect  the  first  in  our  calculation.  The 
rate  of  flow  of  mass  through  the  duct  is: 


02  u2  a2 


hence,  the  rate  of  change  of  momentum  (product  of  mass  and  speed)  is: 


0  u  A 
w2  2  2 


Conservation  of  momentum  (Newton's  second  law  of  motion)  then  implies: 

(p  -  P  )  A  =  n  u2A 
\  1  2)2  M2  2  2 

Canceling  the  factor  A2,  we  find: 


D  u 
p2  2 


(2) 


*  Pressure  on  the  walls  will  be  less  than  P-^,  around  the  entrance  to  the 
duct,  but  the  mass  flow  rate  is  not  highly  sensitive  to  corrections 
made  for  this  effect;  to  simplify  calculation,  uniform  pressure  P^  is 
assumed  everywhere  in  1  .  This  assumption  is  conservative  in  assessing 
protective  capability, 
t  See  Section  IIC. 
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Finally  we  note  that,  even  in  the  presence  of  moderately  strong  or  weak 
shocks,  the  isentropic  equation  of  state  of  a  perfect  gas  is  accurate 
enough  for  this  approximate  calculation;  hence, 


(See  Ref .  7) . 


(3) 


Given  and  p-j_ ,  Eqs.  (1),  (2),  and  (3)  may  be  solved  for  P2,  p2, 

5je 

and  u2.  The  result  can  be  written  as: 


_2X_ 

Y  +  1 


Y  ~  1 

Y  +  1 


which  is  independent  of  . 


Y  ~  1 

Y  +  1 


(4) 


and  B  =  — ,Eq.  (4)  can  be  put  in  the  form 
Y  +  1 

1 

By  Y  =  y  +  Aq  (5) 

When  A0  and  B  have  the  values  stated  above,  Eq,  (5)  has  two  solutions 
one  of  which  is  y  =  1  and  the  other  is  y  =  0.1912.  The  second  solution 
is  the  only  one  of  interest  here  and  will  be  designated  y  . 

To  continue  the  calculation  p^  must  be  known.  This  value  can  be 
found  from  the  Rankine-Hugoniot  relations  and  knowledge  of  the  strength 
and  angle  of  incidence  of  the  original  shock  front  (Ref.  1,2),  or  it  can, 
with  enough  accuracy  for  incident  shock  strengths  less  than  15  psi,  be 
computed  from  standard  conditions^  using  the  isentropic  equation  of  state, 
i  .e .  , 


*  For  diatomic  gases  like  air,  see  Ref.  8. 

t  Standard  conditions  (atmospheric)  are  defined  in  Table  6.1,  Chapter  6, 
Volume  1  of  the  present  work. 
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Po  P 

o 


pli/y 


where  P  and  p  are  standard  pressure  and  density,  respectively.  With  p^ 
known,  air  density  and  pressure  in  the  opening  can  be  calculated  from: 


p2  -  px  y0  1/y 


P  =  y  P 
2  o  1 


from  which  wind  speed  becomes 


Pl-P2  2 


P  (1  -  y  ) 
1 


Pi  yo 


The  mass  flow  into  the  room  (3)  can  be  written 


**  *  »2  U2  A2M 


1 

[P!  (1  '  V  yo  Y  h  ] 


A2  At 


If  Vg  is  the  volume  of  the  room  and  the  prime  is  used  to  denote  conditions 
in  the  room  at  the  beginning  of  time  step  At,  then  average  density  in  the 
room  p3  at  the  end  of  At  can  be  written  as: 


/  Am 

□  =  p  +  — 

h3  h3  V 


To  find  pressure  in  the  room  at  the  end  of  the  time  step  we  assume  that 
all  the  energy  lost  in  region  (T)  appears  as  an  increase  of  internal  en¬ 
ergy  of  the  gas  in  the  room,  i.e.. 


Y  -  1  P 


-  •  Am  =  — —  •  ( 

!  Y  "  1  V 


P  -  P 
3  3 


which  can  be  solved  to  give  P3  in  terms  of  known  quantities: 
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(12) 


P 


3 


P 


3 


/ 


At  any  time  air  temperature  Tg  within  the  room  can  be  calculated  from 
the  perfect  gas  law: 


P 

3 


where  R  is  the  gas  constant5  for  air  in  the  appropriate  units  (e.g.,  in 
English  units  R  =  2.329  Btu/slug-F) .  The  quantity  Tg  can  reach  high  values 
as  a  result  of  the  compression  existing  behind  the  shock  and  within  the 
room;  however,  if  airflow  to  the  outside  (outflow)  is  maintained,  the 
relaxation  of  pressure  following  the  passage  of  the  front  will  return 
room  gas  temperatures  to  safe  levels  before  injury  to  occupants  is  likely. 
Only  the  long-lasting  increase  in  room  temperature  resulting  from  fires 
will  normally  be  a  threat  to  the  shelterees. 


Numerical  Example  No.  1  (Inflow  by  Method  F).  The  rate  of  pressure 
rise  in  a  room  of  volume  V3  =  15.0  x  23.3  x  8.0  =  4000  of  containing  open¬ 
ings  into  a  single  pressure  field  of  total  area  A2  =  3  x  7  =  21  sf  that 
faces  side-on  blast  wave  overpressure  of  15  psi  is  calculated  by  taking 
the  term  P3  to  the  left  side  of  the  Eq.  (12)  so  that  the  equation  reads: 


P3 


Am 

VZ 


Substituting  for  Am,  from  Eq.  (10)  and  dividing  both  sides  by  At,  we  find: 


P3  ~  P3  yFl  7/v  °-5 

At  p1vz  ‘  Pi(1-y0)  piyo 

In  the  limit  of  small  ht,  this  expression  becomes  the  rate  of  pressure 
rise  in  the  room,  viz.. 
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Assuming  that  ambient  pressure  before  blast  arrival  is  the  standard  value 
i.e.}  Po  =  14.7  psij  an  outside  overpressure  of  15  psi  means  that 

P1  =  15  +  14.7  =  29.7  psi 

We  approximate  outside  air  density  from  Eq.  (6)  viz.: 


and  (from  Table  6.1  of  Volume  1  of  the  present  work)  find  the  standard 
density  of  dry  air  at  14.7  psi  and  59.0  F  to  be  0.002378  lb-sec2 /ft4 
(or  slug/cf).  Choosing  this  value  as  ambient  (i.e.  s  pQ)j  we  calculate: 

P1  =  0.002378  (29.7/14.7)1/1'4 

=  0.003930  lb- sec2 /ft4  (slug/cf) 

From  page  E-19 

yQ  =  0.1912 

Hence ,  the  initial  rate  of  pressure  increase  in  the  room  is: 


dP , 

_ c 

dt 


_  2-4  x  29-7 
0.00393*4000 

=  231.5  psi /sec 


29.7 (1-0.1912) (0.1912) 


1/1.4 


(0.00393)144. 


0.5 

21. 


and  this  rate  will  remain  constant  as  long  as  Pj  and  are  unchanging. 
If  Pj  and  p j  do  not  change }  then  filling  time  AT  becomes: 


P  -P 

=  1  °  =  15'° 

dP3  231.6  0.06476  sec 

dt 

=  64.8  ms 


An  estimate  by  the  simple  method  of  Section  IIA  leads  to  a  Value: 


AT  = 


V_ 

2A 


4000 

2x21 


=  95.2  ms 


E-22 


Conditions  existing  in  the  chamber  at  the  beginning  of  a  time  step 
are  used  in  the  foregoing  calculations  only  in  Eqs.  (11)  and  (12)  and  do 
not  influence  duct  parameters  because  transients  have  been  omitted  from 
consideration.  Transient  phenomena,  for  example,  determine  the  direction 
of  flow;  that  is,  if  P-j.  >  P3,  flow  is  inward  as  discussed  above,  but 
otherwise  flow  is  outward.  Repeated  neglect  of  signals  originating  from 
the  room  leads  to  an  accumulation  of  error  in  the  calculation  of  average 
pressure  as  can  be  seen  from  comparisons  between  calculation  as  above  and 

g 

measurement  shown  in  Figures  E-4,  E-5,  and  E-6.  The  experiments  were 
carried  out  in  a  24-inch  shock  tube;  the  configuration  of  each  model 
chamber  is  shown  in  an  inset  in  the  figure;  and  the  foregoing  calcula¬ 
tion  produces  Curve  F  of  the  figures.  The  curves  in  Figures  E-5  and 
E-6  labelled  "external  history  (A)"  are  measurements  in  the  free  stream 
by  means  of  a  pitot  tube  oriented  with  respect  to  the  stream  to  conform 
with  the  orientation  of  the  opening  in  the  model  room; "external  history" 

9 

in  Figure  E-4  is  side-on  overpressure  in  the  unobstructed  shock  tube. 

In  each  case  the  calculation  initially  yields  pressure  in  agreement  with 
observation  but  eventually  shows  room  pressure  during  filling  in  excess 
of  measurement,  although  the  maximum  difference  is  20%  or  less.  Magni¬ 
tude  of  At  for  these  calculations  was  one-quarter  the  transit  time  of  a 
sound  signal  across  the  room. 
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FIGURE  E-4  FILL  HISTORIES  FOR  SIDE-ON  INCIDENCE 
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OVERPRESSURE  ( PSI  > 


FIGURE  E-5  FILL  HISTORIES  FOR  A  FACE-ON  MODEL 
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OVERPRESSURE  (PSI) 


TIME  (MILLISECONDS) 


FIGURE  E-6  FILL  HISTORIES  FOR  A  REAR  FILL  MODEL 
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Choice  of  the  size  of  At  is  somewhat  arbitrary  except  that  (1)  values 
much  greater  than  sound  transit  time  will  give  a  false  idea  of  the  degree 
of  irregularity  in  the  fill  process  and  (2)  enough  steps  should  be  taken 
to  make  it  possible  for  the  influence  of  variations  in  to  be  shown  in 
the  results.  The  length  of  the  bar  labelled  "t"  in  Figures  E-4 ,  E-5 ,  and 
E-6  represents  the  sound  transit  time  across  the  longest  room  dimension. 


A  similar  degree  of  comparison  between  calculation  and  measurement 
is  found  in  the  results  shown  in  Figure  E-8  stemming  from  a  27  cf  model 
exposed  to  a  large  chemical  explosion,  except  that  the  transient  fluctu¬ 
ations  associated  with  the  entering  shock  front  are  more  easily  dis¬ 
cerned  in  the  larger  model  than  in  the  small  shock  tube  models.  The 
parameter  values  used  in  the  calculations  summarized  in  Figure  E-8  were: 


P  =  13.58  psia 
o 

Po  =  0.00209  slug/cf 
y  =  1.4 
A2  =  0.821  Sf 
V3  =  27.0  cf 


ambient  pressure 
ambient  density 
ratio  of  specific  heats 
area  of  opening 
volume  of  model  room 


The  fraction  of  the  impacted  wall  area  occupied  by  the  opening  is  slightly 
less  than  one-tenth. 


From  the  results  shown  in  Figures  E-4,  E-5,  E-6,  and  E-8,  some  esti¬ 
mate  can  be  made  of  the  validity  of  the  greatly  simplified  method  of  com¬ 
puting  pressure  rise  in  a  filling  room  set  forth  in  Section  IIA.  In  each 
figure,  the  value  of  V/2A  in  feet  has  been  entered.  A  constant  pressure 
rise  from  zero  time  and  zero  overpressure  to  a  pressure  equal  to  outside 
pressure  at  a  time  equal  to  V/2A  msec  overestimates  the  fill  pressure  and 
underestimates  the  fill  time  in  the  small  models  but  seems  to  give  results 
in  good  agreement  with  both  calculation  and  measurement  in  the  three-foot 
cube  model  reported  in  Figure  E-8,  although  the  presence  of  important  os¬ 
cillations  (caused  by  shock  waves)  in  the  pressure  record  in  the  large 
model  makes  clear  assessment  difficult.  It  should  be  noted  also  that  the 
fraction  of  the  wall  struck  by  the  blast  that  is  occupied  by  the  opening 
(opening  fraction)  is  over  9  percent  in  the  large  model  while  only  1.2 
percent  in  the  small  4-inch  cube  models.  The  straight-line  estimate 
explained  in  Section  IIA  would  appear  to  be  good  also  in  Figure  E-4  for 
which  model  size  is  intermediate  and  opening  fraction  is  almost  6  percent. 

The  data  from  the  models  suggest  that  the  simplified  method  of  esti¬ 
mating  pressure  rise  in  a  room,  set  forth  in  Section  IIA,  is  adequate  when 
outside  pressure  decay  is  slow  as  in  a  free-field  nuclear  blast  wave.  As 
will  be  noted  later,  when  there  exists  an  important  diffraction  phase  in 
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the  blast  wave  interaction  with  the  structure,  more  sophisticated  methods 
may  be  justified. 

The  existence  of  significant  theoretical  errors  in  our  treatment  of 
flow  into  a  room  by  quasi-steady  analysis  is  clearly  revealed  by  consider¬ 
ing  the  single  control  surface  formed  by  superposition  of  that  shown  in 
Figure  E-3  and  that  indicated  with  dashed  lines  in  Figure  E-7.  Such  a 
surface  coincides  with  the  inner  surfaces  of  the  room  and  passage  and 
extends  into  quiescent  air  outside.  Under  our  hypotheses  there  is  no 
flow  through  this  surface  anywhere  and  no  change  of  momentum  within  it, 
yet  the  surface  integral  of  the  x-component  of  pressure  over  the  bound¬ 
aries  does  not  vanish. 


FIGURE  E-7  SECOND  CONTROL  SURFACE 
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SMOOTHED  STAGNATION  OVERPRESSURE  HISTORY  ON  THE  FRONT  OF  THE  MODEL  (A) 
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FIGURE  E-8  COMPARISON  OF  THE  COMPUTED  VERSUS  THE  EXPERIMENTAL  FILL  HISTORY 
OF  THE  MODELED  CHAMBER  TESTED  IN  PROJECT  DISTANT  PLANE 


This  absurdity  can  be  avoided  in  one  or  both  of  two  ways.  A  term  may 
be  added  to  the  right  side  of  Eq.  (2)  to  account  for  the  changing  flow 
pattern  within  the  control  surface  shown  in  Figure  E-3  or  a  term  may  be 
added  to  the  left  side  of  Eq.  (2)  to  account  for  the  possible  nonuniform¬ 
ity  of  pressure  over  the  boundaries  of  the  surface.  As  the  room  begins 
to  fill,  a  rarefaction  wave  moves  back  into  the  high  pressure  gas  outside 
the  first  doorway  bringing  more  and  more  gas  into  motion  toward  the  open¬ 
ing.  In  other  words,  the  neglect  of  the  rate  of  change  with  time  of  the 
momentum  within  the  control  surface  outside  the  room  may  be  at  least  one 
cause  of  the  contradiction  noted  above.  Any  attempt  to  calculate  a  cor¬ 
rection  for  this  effect  would  certainly  add  to  the  complexity  of  these 
simplified  procedures;  furthermore,  the  degree  of  agreement  between  ob¬ 
servations  and  theory  of  Method  F  (shown  in  Figures  E-4,  E-5,  and  E-6) 
suggests  that  the  added  effort  to  account  for  the  rarefaction  wave  may 
not  be  needed  to  achieve  the  desired  degree  of  accuracy.  Nevertheless, 
it  is  worthwhile  to  consider  another  method  of  estimating  average  pres¬ 
sure  in  a  filling  room. 

Some  writers10  ’ 11  * 12 » 17  use  the  equation 

p2  -  P'  (13) 

instead  of  Eq.  (2).  Justification  for  Eq.  (13)  is  based  on  analogy  with 
the  treatment  of  flow  into  a  large  chamber  steadily  being  evacuated.13 
Equation  (13)  of  course  provides  continual  coupling  between  flow  condi¬ 
tions  and  conditions  in  the  room. 


Using  Eq.  (13)  we  derive  the  pressure  buildup  inside  the  room  in 
the  following  way.  Substituting  Eq.  (3)  into  Eq.  (1),  then  replacing 
P2  P3  according  to  Eq.  (13)  and  solving  the  resulting  equation  for 

u2,  we  find: 


U2 


p7  \i  -i/y 

3  \ 


from  which  we  calculate  the  mass  inflow  in  the  time  increment  At: 


Am  =  K  p  u  A  At 
2  2  2 

/  p  \1/2  / p'^/vr  /P'\~1/yt/2 

=  JL)  .JA 

i\y-i  p J  \vj  \p J 


A2  At  (15) 
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Whenever  Eq.  (13)  is  employed,  empirical  corrections  are  made  to  reduce 
the  calculated  inflow  rate;  the  simplest  correction  is  the  discharge  co¬ 
efficient,^  represented  by  the  factor  K  in  Eq.  (15).  Investigators  at 
the  I IT  Research  Institute17  have  found  it  necessary  to  use  the  value 
K=0 . 7  to  reconcile  computed  pressure  rises  in  small  models  with  those 
measured;  Curves  D  in  Figures  E-4  and  E-5  have  been  produced  by  a  calcu¬ 
lation  based  on  Eq .  (13),  with  K=0.7  during  inflow  and  K=1.00  during  out¬ 
flow  . 


The  value  of  the  discharge  coefficient  is  usually  discussed  in  con- 

13 

nection  with  boundary  layer  thickness  and  the  Reynolds  number.  The 
relatively  good  agreement  between  the  observed  room  pressures  and  Curves 
D  was  obtained  in  very  small  models,  not  in  full-sized  rooms.  To  estimate 
the  influence  of  the  value  of  K  on  calculated  pressure  rise,  Curve  G, 
based  on  the  value  of  K=1.00  during  both  outflow  and  inflow,  has  been 
entered  in  Figure  E-4.  Presumably,  the  Reynolds  number  will  be  larger  in 
the  flow  into  full-sized  rooms,  and  the  discharge  coefficient  more  nearly 
equal  to  1.00  than  in  the  flow  into  small  models. 


Finally,  the  pressure  increment  during  the  interval  At  is  found  by 
substitution  of  Eq.  (15)  into  Eq.  (12): 


K  y 


2y  ^1 

1  /p,vl 

2  /My 

[.  (1 

2  A2  At 

Y-l  '  Px 

\  P  / 

\  1/ 

H 

1 

M  | 

l _ 

CO 

> 

(16) 


Melichar11’  12  omits  both  the  factors  K  and  y  before  the  right-hand 
side  of  Eq.  (16),  which  is  equivalent  numerically  to  making  K  =  0.7  and 
y  =  1.4.  He  attempts  to  justify  this  procedure  on  theoretical  grounds 
unconnected  with  boundary  layer  theory.12  Some  of  his  numerical  results 
are  shown  as  Curves  C  in  Figures  E-4,  E-5,  E-6,  and  E-8.  Melichar  em¬ 
ploys  a  value  of  At  equal  to  the  transit  time  of  sound  across  the  room. 
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with  K  =  0.7  to  the  filling  room  considered  in  Numerical  Example  No.  1. 


The  initial  rate  of  pressure  increase  will  he  calculated  by  substituting 
=  14.7  psi,  Pi  =  29.7  psi,  and  p^  =  0.003920  slug/cf: 


Thus  the  initial  pressure  rise  calculated  under  the  assumptions 
Pg  =  and  K<  1  is  lower  than  the  rate  calculated  in  the  previous 
numerical  example  by  Method  F.  However,  the  rate  by  Eq.  (16)  is  not 
constant;  it  falls  slowly  from  its  initial  value,  so  that  in  the  condi¬ 
tions  postulated  in  these  examples  Method  F  forecasts  a  markedly  shorter 
fill  time  than  does  Eq.  (16). 

Pursuing  the  analogy  between  room  filling  and  steady  flow  into  a 
chamber  held  at  constant  pressure,  we  expect  to  encounter  the  phenomenon 
of  choking  as  the  ratio  of  room  pressure  to  outside  pressure  drops  below 
the  critical  value.  Choking  limits  the  rate  at  which  mass  flows  into 
the  room;  hence,  when  inflow  is  choked,  the  rate  of  pressure  rise  dPg/dt 
and  wind  speed  uQ  in  the  entry  will  be  limited. 

For  a  given  set  of  reservoir  conditions,  i.e.,  for  each  pair  of 
values  P-^  and  p-^ ,  the  critical  pressure  ratio  is  that  for  which  isentropic 
flow  into  the  room  achieves  the  maximum  mass  rate  and  for  which  the  flow 
speed  equals  local  sound  speed.  Therefore,  to  find  this  critical  ratio, 
we  can  differentiate  Eq .  (15)  with  respect  to  P3 /P]_ ,  set  the  result  equal 
to  zero,  and  solve  for  (P'/Pi>crit ,  which  yields: 


Y 
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For  every  value  of  Pg  below  the  critical  value  as  given  above,  mass  flow 
into  the  room  will  be  that  obtained  by  substituting  the  critical  ratio 
into  Eq.  (15),  i.e.: 


(Am) 


choked 


=  K 


Y  P  P 

1  1 


At 


(17) 


Because  the  mass  flow  rate  is  limited  in  this  way  independently  of  the 
value  of  P3  it  is  called  "choked"  flow.  Flow  obeying  Eq.  (15)  is  called 
"unchoked"  or  "subsonic."  Numerically,  when  y=1.4  the  critical  ratio 
equals  0.5283;  thus,  assuming  ambient  pressure  is  14.7  psia,  the  critical 
outside  pressure  is 


14.7 

0.5283 


=  27.83  psia  or  13.13  psig 


In  none  of  the  experiments  reported  in  Figures  E-4 ,  E-5,  and  E-6  did  peak 
overpressure  rise  above  13.13  psig;  hence,  according  to  the  foregoing 
theory,  choked  flow  should  not  have  occurred. 


Numerical  Example  No.  3  (Choked  Inflow) .  When  inflow  is  choked , 

Eq.  (17)  replaces  Eq.  (15) .  Rate  of  pressure  rise  dP^/dt  is  then  found  by 
substituting  Eq.  (17)  into  Eq.  (12)  and  the  wind  speed  u 2  is  found  by  sub¬ 
stituting  into  Eq.  (14)  the  critical  pressure  ratio  cr it  as  s^own 

in  the  numerical  example  that  follows. 

Consider  a  4000-cf  room  filling  side-on  from  a  20  psi  overpressure 
blast  wave  through  an  opening  21  sf  in  area.  Since  the  incident  overpres¬ 
sure  is  greater  than  critical ,  viz.,  15.13  psig,  inflow  is  choked,  and 
Eq.  (17)  applies  until  the  difference  between  inside  and  outside  pressures 
falls  below  critical. 

The  initial  rate  of  pressure  rise  within  the  room  depends  on  the 
following  values: 

y  =1.4 

P1  =  14.7  +  20  =  34.7  psi 
K  =  0.7 
A2  =  21  sf 


*  Pounds  per  square  inch,  absolute. 
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Outside  air  density  can  be  approximated  by  using  the  isentropio  equa¬ 
tion  of  state}  Eq.  (6),  and  standard  conditions: 


=  0.004397  slugs/cf 


(According  to  p.  3.49  of  Ref.  1  the  air  density  pj  behind  a  shock  front 
of  overpressure  equal  to  p  moving  through  air  at  pressure  P Q  and  density 

%  is: 

7PQ+6p 

P1  =  po  7P  +p 
o  r 


Substituting  the  values  given}  for  qq  and  Pq)  we  calculate: 


P 


1 


0.002378 


7x14.7  +  20x6 
7x14.7  +  20 


=  0.004313  slug/cf 


Thus3  the  approximation  based  on  the  isentropic  equation  of  state ,  Eq.  ( 6) , 
is  only  2%  higher  than  the  correct  value  0.004313  slug/cf.) 

We  now  know  everything  necessary  to  compute  the  initial  rate  of  pres¬ 
sure  increase  within  the  room.  From  Eqs.  (17)  and  (12): 


1.4+1 

Am  T  t  9  \  l'4-l  0.5 

~^=  0.7  \l.4  x  0.004313  x  34.7  x  144  ~-j  J  21 

=  46.  73  slug/sec 

Rewriting  Eq.  (12)  in  differential  form: 


fjj  yFl  dm 
dt  p s  dt 

we  calculate: 


dP 

3  =  1.4  x  34.7  x  46.73  =  131.6  psi/sec 

dt  0.004313x4000 
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Assuming  P j  remains  constant ,  we  can  find  the  time  A T'  required  to  fill 
the  room  to  the  extent  that  flow  is  no  longer  ehoked  as  follows; 


A T'm  20rJAJk  =  0.05220  sea 
161.0 

=  52.0  ms 


After  time  A  T’,  inflow  is  no  longer  ohoked  and  further  pressure  increase 
is  calculated  in  time  steps  by  Eq.  (16)  as  follows: 

We  assume  Pi  is  constant  during  a  small  time  increment  At  =  5  ms  and, 

O 

noting  that  Pi  =  20-15.15+14.7  =  21.57  psia,  we  calculate  from 
6 

Eq.  (16): 


P._  -  PL  +  0.7  x  1.4  x  54. 7 

O  t) 


f 2x1.4 

54.7  x  144  ' 

0,5  (21.57 

L  0.4 

.004515 

\  54.7 

1/1.4 


v  [7  / 21.57\1'1/1-41°‘ 5  21  x  .005 

LI  54.7)  J  4000 

P3  =  21.57  +  0.6451  =  22.215  psig 

The  calculation  is  now  repeated  with  P'3  =  22.215  and  a  new  value  of  P 3 
found,  which  becomes  P'3  in  the  next  time  step.  The  procedure  is  repeated 
until  P-  >  Pn,  at  which  time  the  room  is  considered  filled. 

O  1 


For  the  case  of  choked  inflow,  Eq .  (17),  the  simple  estimate  in 
Section  IIA  of  rate  of  pressure  rise  and  of  filling  time  AT  may  be  theo¬ 
retically'  justified  as  follows.24  Combining  Eqs.  (12)  and  (17),  we  find 


P  -P 
_3 _ 3 

At 


dP 


dt 


1.5  1.5 

yP  dm  A  Ky  P 

i  ^  X 


2 ( y-l ) 


(18) 


p  V  dt 
H1  3 


0.5 
P-,  \  V+l; 


If  P-^  remains  constant  and  the  inflow  remains  choked  during  most  of  the 
filling  time,  then 


AT« 


P  -P 


1 _ o 

dP 


3 


dt 
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Taking  P  =14.7  psi,  p  =  0.002378  slugs/cf,  v  =  1.4  and  K  =  1, 
o  ° 

we  find  the  factor 


1 

Ky1-*5 


Y+l 

2( y-1) 


0.5 


takes  on  the  value 


1.0  (1.4) 


1.5 


(1.2) 


.0  |o. 


002378 


lb-sec2  in2 


14.7 


ft4 


lb 


ft 
144  in 


0.5 

in2) 


=  0.001105  sec/ft 


=  1.10  ms/ft 


Evaluating  this  expression  numerically,  we  find  that  in  the  range 

P 


0.528  £ 


>  0.25 


the  variation  of  AT  is  within 


_1 _ 

2.11 


>  ATS 


_1 _ 

1.48 


It  turns  out  that  when  the  inflow  is  unchoked ,  the  simple  estimate  in 
Section  IIA  for  filling  time  At  can  also  be  shown,  as  follows,  to  be 
approximately  true,  at  least  until 


P 

—  2:  0.8 
P^ 
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Substitution  of  Eq .  (15)  into  Eq.  (12)  results  in  the  expression  for  rate 
of  pressure  rise. 


Substituting  the  isentropic  equation  of  state, 


Eq  .  (6)  ,  we  f  ind  : 


dt 


1.5 

A  P  K 
2  o 


V 


0.5 

P 

o 


When  P  is  substituted  for  P  on  the  right-hand  side,  this  becomes  the 
o  3 

expression  for  the  initial  rate  of  pressure  rise;  furthermore,  if  this  rate 
is  assumed  constant  (as  seems  to  be  nearly  true  from  the  experimental  ob¬ 
servations)  ,  then 


3Y-1 


Evaluating  the  factor 
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using  the  values  K  =  1.0,  y  =  1.4,  Pn 

2  4  u 

lb-sec  /ft  we  can  write: 


/  x0.5  .  .C 

_1_  /0v4\  /0. 002378  \ 

1.4  \2„ 8  /  \  (14.7)  (144)/ 


=14.7  psi  and  pQ  =  0.002378 
3y-l 


3y-l 


ms/f  t 


Over  the  interval  0.528  ^  Pq/P^  <0.8,  the  calculated  filling  time  AT 
according  to  the  above  formula  lies  between  two  values,  viz: 


V 

_1 _ 3 

2.10  A 

2 


SAT  S  — — 
3.83 


V 

3 


The  rate  of  pressure  rise  during  choked  inflow  is  of  course  independent 
of  room  pressure,  Eq.  (18),  but  even  when  the  inflow  is  or  becomes  unchoked 
the  rate  is  only  weakly  dependent  on  room  pressure  P3,  as  we  see  by  evalu¬ 
ating  the  last  two  factors  on  the  right  side  of  Eq.  (19),  viz: 

1  r-  y-1  T  0 . 5 


and  plotting  the  result  as  a  function  of  P^/P-^  in  Figure  E-9  The  figure 
shows  that  rate  of  pressure  rise  varies  between  limits  of  ±10%  as  long  as 
P3/P1  is  within  the  bounds:  0.2  <  P3/P1  <0.8. 

The  equations,  derived  from  quasi-steady  analysis,  neglect  the  inertia 
of  the  inflowing  column  of  air;  therefore,  we  might  expect  a  tendency  for 
the  rate  of  pressure  rise  to  continue  at  the  level  established  earlier  to 
compete  with  a  tendency  to  fall  as  forecast  by  the  equations. 
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Summary.  Several  distinct  methods  have  been  presented  for  esti¬ 
mating  the  rate  of  pressure  rise  in  a  room  filling  from  a  nuclear-induced 

air  blast  wave.  All  the  methods  are  based  on  an  analogy  with  steady  flow 

in  ducts  and  none  applies  to  a  room  in  which  more  than  half  of  its  ex¬ 
terior  wall  area  is  open  to  the  blast.  The  simplest  of  the  methods,  given 
in  Section  IIA,  demands  only  a  knowledge  of  the  room  volume,  the  areas  of 
the  openings  through  which  the  blast  enters,  and  the  outside  pressure 
against  each  opening  during  the  filling.  Should  this  outside  pressure 
vary  greatly  during  the  filling,  the  methods  of  Section  IIA  will  not  in 
general  be  accurate. 

A  slightly  more  complicated  method  of  calculating  the  rate  of  pres¬ 
sure  rise  takes  into  account  the  variation  of  outside  pressure  but  not 

the  resultant  rise  of  inside  pressure.  This  technique  (Method  F)  uses 
Eqs.  (9),  (10)  and  (12).  Despite  their  relative  simplicity,  both  this 
method  and  the  one  outlined  in  Section  IIA  appear  to  give  results  in 
good  agreement  with  observations  in  small  and  intermediate  models. 

The  most  sophisticated  method  of  estimating  rate  of  pressure  rise 
within  a  room  filling  from  an  air  blast  and  the  wind  speed  in  the  entry 
comes  from  Eqs.  (14),  (16)  and  (17)  (Method  D)  and  makes  use  of  the  in¬ 
stantaneous  pressures  in  the  room  and  outside  and  requires  the  determina¬ 
tion  of  whether  the  flow  is  choked  as  well  as  knowledge  of  an  empirical 
discharge  coefficient. 

These  methods  are  outlined  in  equation  form  in  Section  IIB3. 

2.  Outflow .  All  the  experimental  data  discussed  so  far  show  that 
room  pressure  eventually  exceeds  outside  pressure  by  a  small  amount.  If 
all  openings  are  into  the  same  outside  pressure  field  and  if  the  fall  of 
outside  pressure  is  steady  and  slow,  this  "overshoot"  is  not  likely  to  be 
of  practical  importance.  However,  as  will  be  seen  later,  if  a  room  has 
openings  that  are  affected  by  different  outside  pressure  histories,  a 
significant  outward  pressure  may  develop  on  one  or  more  walls  of  the  room. 
To  calculate  this  pressure,  the  rate  of  outflow  of  air  through  each  open¬ 
ing  must  be  found. 

To  compute  inflow  we  treated  the  exterior  atmosphere  and  the  aperture 
leading  into  the  room  as  parts  of  a  system  of  ducts  through  which  quasi¬ 
steady  flow  was  maintained.  Pressure  increase  within  the  room  was  com¬ 
puted  as  resulting  from  the  transfer  of  mass  and  energy  from  the  large 
outside  reservoir  into  the  room.  Outflow  may  be  treated  in  the  same  way, 
except  that  the  direction  of  flow  is  reversed.  For  outflow,  Eqs.  (1)  and 


(2)  Still  apply,  but  the  air  in  the  "duct"  now  originates  in  the  room, 
and  the  adiabatic  expansion  law,  Eq.  (3),  must  be  replaced  by 


P2  = 


(20) 


Equations  (1),  (2),  and  (20)  can  be  combined  to  form  an  equation  identical 
to  Eq.  (5)  except  that  now 


B  =  2'Y-- 
Y  +  1 


Pi 


p' 

L  3  J 


i/y 


(21) 


But,  as  before, 


y  -  1 

and  A  =  - r 

y  +  1 


In  this  form,  Eq.  (5)  has  two  solutions  in  the  range  0  £  y  £  1 
whenever  y  =  1.4  and 


1 


(22) 


or 


These  two  solutions  merge  into  a  single  solution  at  y  = 


(23) 

Y 

Y  -  1 


if 


(0.9094) 


Furthermore,  if  Y  =  1-4,  Eq .  (5)  has  only  one  solution  in 
the  range  of  0  <  y  <  1  whenever 


2:  — r,  >  (0.9094) 
P1 


Also,  if 


<  (0.9094) 


(24) 


(25) 


E-41 


no  solution  to  Eq.  (5)  exists. 

'V 

Since  the  quantity  P/ p  is  constant  along  an  isentrope  and  increases 
with  entropy,  the  truth  of  Inequality  (25)  implies  that  at  the  end  of  in¬ 
flow  specific  entropy  (i.e.,  entropy  per  unit  mass)  outside  is  less  than 
approximately  0.9  the  specific  entropy  within  the  room.  Thus,  in  order 
to  establish  the  existence  of  a  solution  to  Eq.  (5)  during  outflow,  we 
must  calculate  the  increase  in  specific  entropy  within  the  room  during 
inflow  and  compare  it  with  the  increase  in  entropy  through  the  shock, 
front . 


The  increase  in  specific  entropy  in  the  room  at  any  time  during  fill¬ 
ing  can  be  formally  calculated  as  follows.  First,  we  note  that  tempera¬ 
ture  of  air  in  the  room  rises  during  the  whole  inflow  period,  as  can  be 
seen  by  treating  Am  as  a  true  differential  and  writing  Eq.  (12)  as: 


Y 


dP„  = 


1  3 


dm 


From  the  perfect  gas  law 


m  RT 
3  3 

p3  =  TT 


where  m3  is  the  mass  of  air  in  the  room,  and  R  the  gas  constant  for  air, 
we  write 


R  T  m  R 

3  3 

dP  =  -  •  dm  +  -  •  dT 

3  V„  V  3 


?3  m3  R  Y  P, 


dP„  =  —  *  dm  + 

3  mo  V0 

3  3 


dT  = 


3  p  V 
M1  3 


dm 


Noting  that  m3  =  P3V3  and  collecting  terms,  we  find 


dm 


m  R 
3 


dT 


3 
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Multiplying  both  sides  of  the  equation  by  V^/R  and  using  the  perfect  gas 
law  in  the  form  P/lRp)  =  T,  we  find  the  following  relation  between  inside 
and  outside  temperatures  during  filling: 


[yri  -  t3]  dm  =  ®. 


(26) 


Clearly,  at  the  start  of  filling  Tx  >  T3 ;  hence,  at  the  start  dTg  >  0. 
Moreover  Eq.  (26)  shows  that  T3  can  increase  above  Tj_  while  dm  >  0 
until  T3  approaches  y  T-^  Thus  as  temperature  outside  (T]^)  falls  due 
to  the  adiabatic  relaxation  behind  the  shock  front,  inflow  and  rising 
inside  temperature  continue. 


Second,  we  can  find  a  simple  relation  between  the  actual  temperature 
increase  within  the  room  and  a  temperature  increase  in  an  isentropic  proc 
ess  resulting  in  the  same  density  increase. 


In  an  isentropic  process  involving  a  certain  mass  of  ideal  gas  the 
quantity  is  constant;  or  taking  differentials, 


d£  _  dT 
p  y  T  “  T 


Rewriting  Eq.  (26)  as 


then  dividing  (left-side)  numerator  and  denominator  by  V3  and  noting  that 
density  p3  =  m3/V3,  we  find 


dp. 


dT 


?3 


In  other  words  the  process  of  room  filling  during  the  time  period  t  to 

t  +  dt  results  in  a  temperature  increase  dT  that  bears  the  relation 

3 


dT 


(dT  )  . 

3  isentropic 


YT  -  T 
1  3 

Y  T  -  T 
3  3 


to  the  temperature  increase  in  an  isentropic  process  providing  the  same 
density  increase.  When  T-,  >  To,  >  1 

(dT3) isentropic 
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Finally,  the  entropy  increase  within  the  room  is  calculated  from  the 
specific  heat  at  constant  volume  (or  density). 

c  dT 

dS  =  — — 

T 

! 

where  cy  is  specific  heat  at  constant  volume.  If  we  imagine  a  return  to 
the  isentrope  (after  an  increment  of  filling)  by  a  process  at  constant 
density  or  volume,  the  specific  entropy  change  within  the  room  resulting 
from  the  filling  increment  becomes 


which  on  substitution  of  the  quantity  dT3  from  Eq.  (26),  becomes 

c  y 

dS3  "  (T1  -  T3)dm  <28) 

3  3 

Therefore,  during  inflow  (i.e.,  when  dm  >  0)  specific  entropy  within  the 
room  will  increase  until  T3  =  T-^  or  P3  =  P^,  whichever  occurs  first. 

Because  of  the  passage  of  the  shock  front,  air  outside  has  greater 
than  normal  specific  entropy..  Hence,  initially  before  inflow  begins 


however,  Eq.  (28)  shows  that  the  inflow  process,  according  to  the  theory  ap 
plied  here,  creates  entropy  within  the  room.  Should  enough  entropy  be 
so  created,  Inequality  (25)  may  eventually  be  satisfied  and  solution  of 
the  outflow  equations  presented  here  may  be  impossible.  The  rise  in  spe¬ 
cific  entropy  within  the  room  as  a  result  of  inflow  is: 
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where  t  =  time  and  ,  T3,  and  m3  are  functions  of  time.  From  Eq.  (26) 
we  know  that  T3  rises  asymptotically  toward  yT^  until  Pi = P3;  thus,T3 
may  be  larger  than  Ti .  For  a  given  function  Pi(t)  [which  determines 
Ti (t) ,  T3(t),  and  m3(t)],  the  maximum  specific  entropy  within  the  room 
will  be  reached  when 

T  =  T 
3  1 

If  we  assume  that  at  this  time  inflow  is  still  under  way,  then 


P1  >P3 


which  implies, when  y  >  1,  that 


1-  -  1-  i 

y  y 

P1  >  P3 


--1  i— 1 

Y  1  Y 

P  <  P 

1  3 


Now  from  the  equality  of  the  temperatures  at  this  time,  the  perfect  gas 
law  implies 

^1  _  JI 
P1  =  P3 

Multiplying  both  sides  by  the  last  inequality  above,  we  find 

1/Y  1/7 

P  P 

-I 


P  P„ 

JL<_2_ 

PY  PY 
1  3 


Hence,  in  general,  the  possibility  may  not  be  ruled  out  that  inequality 
(25)  will  be  satisfied.  Whether  the  outflow  equations  as  presented  here 
have  a  solution  will  depend  on  the  nature  of  the  function  P^(t).  If  out¬ 
flow  is  to  be  calculated,  then  to  provide  an  initial  disparity  between 
specific  entropy  outside  and  inside,  the  inflow  period  must  be  treated 
using  the  initial  density  behind  the  shock  front  and  computed  from  the 
Hugoniot  relation:1 

(y+l)P  +  (y-l)P 

p  =p  - - - ^  (29) 

lo  o  (y-l)P  +  (y+l)P 
lo  o 
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Subsequent  outside  air  densities  may  be  calculated  from  the  adiabatic 
law: 


lo 


1/Y 


LPlo 


(30) 


In  Eqs.  (29)  and  (30),  p^Q  and  refer  to  the  air  density  and  ab¬ 
solute  pressure  immediately  behind  the  shock  front.  When  peak  pressure 
at  an  opening  is  reached  by  reflection  of  an  incident  shock  wave  from  a 
wall,  Eq.  (30)  is  not  correct  regardless  of  whether  P^  is  taken  as  peak 
incident  absolute  pressure  or  peak  reflected  absolute  pressure,  but  the 
error  in  using  Eq.  (30)  is  small.  We  will  arbitrarily  consider  p-^Q  and 
plo  as  representing  conditions  behind  the  free-field  shock  front.  Use 
of  Eqs.  (29)  and  (30)  may  make  it  possible  to  satisfy  the  reverse  of 
Inequality  (25) . 


The  outflow  method  discussed  above  and  contained  in  Eqs.  (5),  (21) 
and  (22)  is  analogous  to  Method  F  discussed  in  Section  IIB1  for  inflow. 
Should  Inequality  (25)  be  satisfied;  other  calculational  methods  must 
be  used  for  the  outflow  phase,  such  as  that  proposed  by  Melichar11’ 12  or 
that  reported  by  IIT  Research  Institute.17  These  methods  equate  duct 
pressure  P2  with  outside  pressure  during  outflow;  the  IIT  investigators 
then  fit  observed  outflow  pressure  data  by  choosing  values  for  the  dis¬ 
charge  coefficient  and  for  the  ratio  of  inside  to  outside  pressure  at 
the  time  of  flow  reversal.  These  methods  are  analogous  to  Method  D  dis¬ 
cussed  under  Inflow  in  Section  IIB1  and  are  treated  in  detail  in  the  next 
subsection  as  a  part  of  Method  D, 


>)< 

3.  Outline  of  Hand  Calculation.  In  constructing  from  the  foregoing 
equations  a  calculational  scheme  for  estimating  the  parameters  of  flow 
into  and  out  of  a  single  room  with  a  single  opening  we  start  with  a  series 
of  values  of  Pp  one  for  each  time  step.  These  may  be  obtained  by  linear 
interpolation  from  a  given  table  of  outside  pressure  as  a  function  of  time 
and  each  value  should  pertain  to  the  center  of  the  time  interval.  The 
size  of  the  time  interval,  At,  itself  is  arbitrary,  but  it  should  be  no 
greater  than  the  quantity  T;  presumably  up  to  a  limit,  greater  accuracy 
results  from  smaller  values  of  At.  The  size  of  At  may  be  changed  during 
the  calculation  when  the  rate  of  change  of  flow  parameters  changes.  We 
also  need  values  for  ambient  pressure  PD  and  density  pQ. 


*  If  the  outside  pressure  is  the  result  of  a  classical  nuclear  blast 
wave,  the  computer  program  described  in  Section  V  will  perform  this 
calculation. 


E-46 


As  a  general  rule,  At  may  be  chosen  to  be  one-tenth  of  y.  Certain 
tests  incorporated  into  the  calculation  below  will  indicate  when  the 
value  of  At  must  be  reduced. 

Two  methods  of  calculation  are  shown  below.  The  first  is  that  used 
to  produce  Curves  F  in  Figures  E— 4,  E-5,  E-6,  and  E-8,  namely,  that  based 
on  Eqs.  (1),  (2)  and  (3)  for  inflow  or  Eqs.  (1),  (2)  and  (30)  for  outflow, 
and  in  the  outline  below  it  is  called  Method  F.  This  method  has  the  ad¬ 
vantage  of  great  simplicity  and  of  not  requiring  knowledge  of  empirical 
constants;  however,  as  will  be  explained  later,  values  of  wind  speed  and 

i 

dynamic  pressure  computed  by  it  are  subject  to  doubt  in  some  cases  and 
for  that  reason  a  method  given  by  I  IT  Research  Institute  is  included  also. 
The  latter  (and  our  second)  method  is  responsible  for  Curves  D  in  the 
Figures  E-4,  E-5,  and  E-8  and,  therefore,  in  the  outline  below  it  is 

called  Method  D.  As  noted  earlier,  Method  D  for  the  unchoked  flow  case 

-  11  12 

is  numerically  equivalent  to  the  calculation  used  by  Melichar  ’ 

(Curves  C  in  Figures  E-4,  -5,  -6  and  -8). 

Average  pressure  inside  a  room  and  dynamic  pressure  in  the  single 
opening  to  an  outside  reservoir  whose  pressure  variation  in  time  is  known 
may  be  calculated  as  functions  of  time  by  the  sequential  application  of 
the  steps  stated  below.  Each  cycle  through  a  series  of  steps  completes 

the  calculation  for  one  time  interval.  The  first  three  steps  are  executed 

only  during  the  first  cycle;  subsequent  passes  begin  with  step  (4),  as  in¬ 
dicated  in  the  outline.  Step  (5)  is  a  branch  point  to  separate  sequences 
for  inflow  and  outflow,  chosen  according  to  a  criterion  given  in  step  (5). 

There  are  further  branches; (a)  to  Method  D  or  F,  chosen  at  the  discretion 

of  the  user  at  each  time;  and  (b)  under  Method  D  to  choked  or  unchoked 
flow,  determined  by  stated  criteria.  Throughout  the  outline,  the  quantity 
Y  has  been  set  equal  to  1.4. 


(1) 

Set  P'  =  P  and 

p '  =  p  and  t  =  0 . 

3  o 

3  o 

(2) 

Compute 

6P  +  P 

lo  o 

P  =  p  - 

^lo  o  P  +  6P 
lo  o 


where  P  is  the  absolute  pressure  immediately  behind  the 
shock  front,  and  p^  is  the  associated  air  density. 

(3)  Choose  value  of  At  (see  opening  paragraph  of  this  Section  IIB3). 

(4)  Determine  outside  pressure  at  the  current  time;  i.e.,  deter¬ 
mine  P^,  from  the  known  reservoir  pressure  history  (pressure 
variation  with  time).  During  first  time  interval  P^=P^o. 
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If  the  current  value  of  P-^  differs  from  the  immediately  pre¬ 
ceding  value  by  more  than  5%  of  itself,  return  time  value  to 
previous  step  (i.e.,  subtract  At  from  current  time),  reduce 
At  by  half,  and  repeat  preceding  pass  through  this  outline 

(5)  Determine  direction  of  flow;  i.e.,  if  >  Pg,  flow  is  inward; 
go  to  step  (6).  Otherwise  flow  is  outward;  go  to  step  (28). 


Inflow 

(6)  Compute 

Branch  to  selected  Method  below  for  step  number  (7D)  (Method  D) 
or  step  (7F)  (Method  F). 


Method  D  (Inflow) 

(7D)  If  P'/P  ^  0.5283  inflow  is  choked;  go  to  step  (8D) .  Otherwise 
o  J. 

inflow  is  unchoked;  go  to  step  (18D). 


Choked  Inflow 


(8D)  Am  =  K 


2.4 
2  \0 . 4 


/  2  \U .  4 

1-4pipx(zi)  r 


1/2 


A  At 
2 


1/2 

=  0.6847  K  [p  P  F]  A2  At 


Using  the  recommended  value17  of  K  =  0.70  this  becomes 

1/2 

Am  =  0.4793  [  p  P  f]  A„  At 

11  ^ 

The  quantity  A  is  the  sum  of  the  areas  of  all  openings  into 
£ 

the  pressure  P-j_. 


(9D) 


(10D) 


P 


2 


,0.7143 


*  The  factor  F  is  often  necessary  for  consistency  of  units.  For  example, 
if  u2  is  in  ft/sec  and  P;L  is  in  lb/in2  and  in  lb/cf ,  then  F  = 

32.  X  144.  =  4,608. 
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(iiD)  u2  At  A  p  K 
2  2 


1  Am 

(12D)  P  =  P'  +  1.4  —  — 
v  '  3  3  P  V 


(13D)  Go  to  step  (23D) 


Unchoked  Inflow 


(18D) 


(19D) 


P 

2 

P1  P 

1 


0.7143 


(20D) 


P1  P2 

=  7 - F 

Pi  P2 


(21D) 


Am  =  p2U2A2  At 


(22D)  P  =  P#  +  1.4  —  — 

3  3  Pf  v 

3 

% 

If  |P3  -  Pg  |  >  .05  Pg  return  to  immediately  preceding  time 
(i.e.,  subtract  At  from  current  time),  reduce  At  by  one- 
half,  and  return  to  step  (4). 

(23D)  P  =  P'  +  — 

3  3  V 

3 

(24D)  If  desired,  dynamic  pressure,  q2,  in  the  opening  can  be 
found  from: 


11  /Am 


q2  2  \  At 


i(S 


\1/Y 


(See  Section  IIC) 


(25D)  P'  =  P3 
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(26D)  p'  =  p3 

(27D)  Advance  time  by  amount  At  and  return  to  step  (4) . 


Outflow 

(28)  Branch  to  selected  Method  below  for  step  (29D)  (Method  D) 
or  step  (29F)  (Method  F). 
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Method  D  (Outflow) 


(42D)  Am  =  -p2  u2  A2  At 

P' 

„  Am  3 

(43D)  P3=f;*1.4^ 

If  P3  -  >  .05  P^  return  to  immediately  preceding  time 

(i.e.,  subtract  At  from  current  time),  reduce  At  by  one-half, 
and  return  to  step  (4). 

(44D)  Go  to  step  (35D) 


Method  F  (Outflow) 

(29F)  If  P^/ <  (0 .9094) (P^/ p^) ,  Method  F  cannot  be  used. 
Go  to  step  (29D) . 


(30F)  B 


(31F)  Solve 


0.7143 

By  =  y  +  A 


for  y. 


C32F)  P2  =  yPx 

rp  -.0.7143 

<33f)  P2  =  P'  JT 

L  3  J 

(34F)  Am  =  -p2  u2  Ag  At 

^*1  Am 

(35F)  P =  Pi  +  1.4  —  — 

3  3  p  V 

1  3 

If  P3  -  P^  >  .05  P3  return  to  immediately  preceding  time 
(i.e.,  subtract  At  from  current  time),  reduce  At  by  one-half, 
and  return  to  step  (4). 

<36F)  P3  =  P'  +  I2 

3 

(37F)  P'  =  P3 
(38F)  P'  =  P3 

(39F)  Advance  time  by  amount  At  and  return  to  step  (4) . 
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c. 


Wind  Speed  and  Dynamic  Pressure  (Jet  Effect) 


Should  it  become  clear  the  shelter  structure  will  withstand  the  pres¬ 
sure  stemming  from  the  shock  wave  and  filling  of  interior  spaces,  interest 
will  shift  to  the  dynamic  effects  on  the  shelter  contents  of  the  filling 
stream  itself,  i.e.,  on  the  wind  speed  and,  particularly,  the  dynamic 
pressure  within  the  jet  of  air  moving  into  the  shelter  space. 

Unfortunately,  direct  measurements  of  wind  speed  and  dynamic  pressures 
in  rooms  filling  from  shock  waves  are  even  fewer  than  observations  of  room 
pressure.  The  differences  among  the  predictions  of  speed  of  the  several 
calculational  methods  are  large,  but  the  values  of  dynamic  pressure  are 
often  in  fair  agreement.  For  estimates  of  the  acceleration  of  objects  in 
the  stream,  the  dynamic  pressure  and  wind  direction  are  the  only  pertinent 
parameters . 

1.  Quantitive  Description.  Our  recommended  procedures  for  estima¬ 
ting  dynamic  pressures  within  a  room  consist  of  two  parts:  (1)  calcula¬ 
tion  of  core  dynamic  pressure,  viz.,  that  immediately  inside  the  entry, 
and  (2)  quantitative  description  of  the  spread  of  the  jet  through  the 
room. 


Since  the  calculation  of  average  pressure  rise  within  the  room  are 
reasonably  successful,  especially  by  Methods  D  and  F,  our  recommended  pro¬ 
cedures  for  estimating  core  dynamic  pressure  are  derived  from  expressions 
for  mass  flow.  Specifically,  we  define  core  dynamic  pressure  as 

1  2 
q  =  —  p  u 

core  2  core  o 


where  pcore  is  air  density  in  the  jet  core  and  uQ  is  wind  speed  just  in¬ 
side  the  entry.  Now  if  we  assume  the  core  of  the  incoming  jet  just  fills 
the  doorway,  we  can  express  the  mass  rate  of  flow  as: 


Am 

—  =  n  u  A 
At  core  o  2 


After  rearrangement,  this  becomes: 


u 

o 


1 


P  A 
rcore  2 


(25) 


Substituting  this  expression  for  u  in  the 

o 

dynamic  pressure,  we  find: 


q 


core 


1 


2p 

rcore 


A 


2 


defining  equation  for  core 
^Amj  (26) 
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Air  density  in  the  jet  core  is  related  to  air  density  outside  the  room 
by  the  isentropic  equation  of  state,  Eq.  (3),  in  which  P2  and  p2  are 
replaced  by  Pcore  and  pCore >  respectively. 


Thus , 


(27) 


However,  it  is  a  good  approximation  to  assume* 

P  =  P 
core  3 

i.e.,  core  pressure  equals  room  pressure. 


(28) 


Substituting  Eqs.  (27)  and  (28)  into  Eq.  (26),  we  find: 


1 

^core  2  0 

T.  2 


(29) 


Thus  any  of  our  previously  developed  expressions  for  mass  flow  rate 
Am/ At  (cf .  Eqs.  (10),  (15),  or  (17)  can  be  used  in  Eq.  (26)  to  compute 
core  dynamic  pressure  qcore •  This  calculation  is  not  exact,  because  the 
area  of  the  core  will  not  in  fact  equal  >  particularly  when  outside 
pressure  is  high  (viz.,  inflow  is  choked  according  to  Method  D) . 


For  information  on  the  spread  and  attenuation  of  the  jet  within  the 
room,  we  have  relied  on  the  steady  jet  characterized  in  such  detail  by 
Ambramovich  and  illustrated  in  Figure  E-10,  where  air  is  considered  to 
be  flowing  from  a  reservoir  at  high  pressure  on  the  left  through  the  ap¬ 
erture  into  the  region  of  low  pressure  (i.e.,  the  interior  of  the  shelter) 
on  the  right.  In  the  theory,  the  entry  aperture  may  be  slit  of  essen¬ 
tially  infinite  length  and  width  bQ  or  it  may  be  a  circular  opening  of 
diameter  bQ.  Although  the  description  of  the  jet  is  different  for  the 
slit  than  for  the  circle,  the  difference  is  not  important  here.  Since 
most  actual  openings  will  be  somewhere  between  the  two,  we  assume  that 
any  actual  opening  has  been  approximated  by  a  slit  or  by  a  circle  and 
only  one  set  of  formulas  is  given.  As  shown  in  Figure  E-10,  inflowing 
air  generally  fans  out  into  the  receiving  reservoir,  slowing  down  after 
passing  through  a  conical  or  wedge-shaped  "core."  Wind  speed  is  constant 
everywhere  within  the  core.  The  jet  consists  of  the  core  and  the  sur¬ 
rounding  fan,  known  as  the  mixing  zone. 


*  It  is  also  a  good  approximation  at  low  overpressures  to  assume 
^core  ^3  ’ 
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Abramovich  characterizes  the  jet  by  three  parameters:  width  of  the 
opening  bc;  wind  speed  uQ  in  the  axial  direction  at  the  initial  cross 
section  of  the  jet;  and  ratio  9  between  temperature  in  the  core  and  that 
in  the  receiving  reservoir  (i.e.,  the  shelter  space).  The  flow  is  driven 
by  a  pressure  difference  between  the  two  reservoirs,  but  it  appears  to  be 
a  fact  that  pressure  everywhere  within  the  usual  subsonic  jet  itself  is 
uniform  and  equal  to  that  in  the  receiving  reservoir.  In  other  words, 
pressure  equilibrium  is  quickly  established  between  the  jet  and  the  air 
already  in  the  reservoir.  In  most  cases  of  room  filling  the  ratio  0  will 
be  nearly  1,  which  implies  that  air  density  in  the  jet  core  nearly  equals 
air  density  in  the  room;  i.e., 


core 


REGION  IN  WHICH 
THE  CORE  EXISTS 


TRANSITION 

REGION 


REGION  OF  SIMILIAR 
VELOCITY  PROFILES 


(initial  region) 


(main  region) 


Source:  Ref.  20 


FIGURE  E-10  SCHEMATIC  OF  JET  FLOW 
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The  description  appearing  below  of  the  fully  developed  jet  hinges 
on  the  value  uQ  of  wind  speed  in  the  core,  and  calculations  of  the  trans¬ 
lation  of  objects  on  shelter  floors  by  incoming  air  are  based  on  values 
of  qcore  along  with  estimates  of  drag  acceleration  coefficients,  as  de¬ 
scribed  further  in  Section  11C1.  As  in  the  treatment  in  Section  IIB1  of 
the  build-up  of  pressure  within  the  shelter  space,  the  parameters  of  the 
jet  are  here  calculated  quasi-statically .  This  procedure  fails  in  the 
early  stages  and  again  in  the  late  stages  of  room  filling. 

Before  quasi-steady  jet  behavior  is  observed,  air  motion  in  the 
neighborhood  of  the  opening  is  governed  by  the  laws  of  shock  waves.  At 
that  time,  particle  speed  is  relatively  slow  but  as  the  diffracted  waves 
reverberate  in  the  opening,  conditions  for  jet-like  flow  are  established. 
This  build-up  of  flow  through  the  opening  lasts  a  length  of  time 


where  c  is  the  speed  of  sound  in  the  opening.  If  this  time  interval  is 
long  enough  to  be  important,  it  is  recommended  that  mass  flow  rate  in  the 
opening  be  treated  as  varying  linearly  with  time  during  t  ,  from  an  ini¬ 
tial  value  equaling  that  behind  the  incident  shock: 


(31) 


to  that  in  the  fully  developed  jet  at  time  t  .  In  Eq.  (31)  the  subscript 
s  designates  conditions  behind  the  incident  shock,  which  may  not  be  the 
same  as  conditions  in  the  stagnated  air  outside  the  shelter,  i.e.,  in 
that  volume  of  air  designated @ in  Figure  E-3.  This  method  of  inter¬ 
polating  between  shock  or  transient  conditions  and  true  quasi-steady 
conditions  is  used  in  the  room  filling  computer  program  described  in 
Section  IVA. 

The  cessation  of  jet  inflow  at  the  conclusion  of  room  filling  shows 
a  similar  inertia.  In  confined  spaces,  inflow  tends  to  establish  a 
swirling  pattern,  which  persists  even  after  pressure  equilibrium  is 
reached  between  inside  and  outside  environments. 
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The  fully  developed  steady  subsonic  jet  is  described  by  the  follow¬ 
ing  three  sets  of  formulas,  each  set  valid  in  one  of  the  three  regions 
shown  in  Figure  E-10.  Only  wind  speed  in  the  axial  direction  is  calcu¬ 
lated,  since  the  horizontal  speed  exerts  a  comparatively  negligible  drag 
force . 

Initial  Region.  The  speed  u  in  the  mixing  zone  outside  the  core  de¬ 
creases  with  increasing  distance  from  the  core.  At  the  jet  boundary  u  =  0 

and  at  the  core  boundary  u  =  u  .  At  a  point  in  any  plane  at  right  angles 

o 

to  the  jet  axis  and  within  the  mixing  zone 

u  =  u  j  1  -  |  (32) 

where  7]  =  y/b,  y  is  the  distance  from  the  jet  boundary  (measured  in  a 
direction  perpendicular  to  the  jet  axis)  to  any  point  outside  the  core, 
and  b  is  the  mixing  zone  half  width  also  measured  perpendicularly  to  the 
axis,  both  as  shown  in  Figure  E-10  (e.g.,  at  the  core  boundary  y  =  b  and 
at  the  jet  boundary  y  =  0) .  The  quantity  b  varies  linearly  with  distance 
x  from  the  opening,  i.e., 

b  =  0 . 27x  (33) 

or,  equivalently,  the  slope  of  the  outer  jet  boundary  (where  u  =  0)  can 
be  written 


tan  o'  =  0.158  or  a  «  9° 

the  length  of  the  initial  region  (and  the  length  of  the  core)  is  approxi¬ 
mately  4.5bQ. 


Transition  Region.  Formulas  valid  for  the  transition  region  can  be 
written,  but  they  are  not  necessary  for  present  purposes.  If  desired, 
values  of  quantities  in  this  region  may  be  interpolated  between  the  ini¬ 
tial  and  main  regions.  The  length  of  the  transition  region,  however, 
may  be  required  and  is  approximately  2.2b^. 


Main  Region.  Here,  as  in  the  transition  region,  there  is  no  core: 
The  jet  is  entirely  mixing  zone  but  the  slope  of  the  jet  boundary  is 
greater  than  in  the  initial  region,  i.e.,; 

a  «  12.5° 
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and  the  half -width  of  the  jet  is: 

b  =  x  tan  a  «  0.22  x  (34) 

In  any  cross  section  of  the  jet  made  normal  to  its  axis,  wind  speed 
is  a  maximum  at  ithe  axis  and  falls  to  zero  at  the  jet  boundary.  However, 
wind  speed  um  along  the  axis  decreases  with  distance  from  the  opening; 

6 . 2b 

o 


Now  the  variation  in  any  cross  section  at  a  distance  y  <  b  from  the 
axis  is: 


where  T]=y/b  as  shown  before,  except  that  y  and  b  have  slightly  different 
meanings  (Figure  E-10) .  Hence,  the  dependence  on  both  x  and  y  is  found 
by  combining  the  last  two  expressions: 


(35) 


Since  density  is  nearly  uniform  throughout  the  jet,  we  can  relate  the 
dynamic  pressure  in  the  main  region  to  that  in  the  core  by  multiplying 
core  dynamic  pressure  by  the  square  of  the  ratio  of  wind  speeds: 


Numerical  Example  No.  4  (Jet  Dynamic  Pressure) .  Consider  the  room 
described  in  the  numerical  example  of  choked  inflow  on  page  E-  33.  We 
will  calculate  the  furthest  extent  of  the  get  core ,  the  initial  core 
dynamic  pressure  and  the  initial  dynamic  pressure  in  the  established' jet 
at  a  point  25  ft  inside  the  door  and  5  ft  off  the  center  line  'through  the 
door. 

Shock  arrival  at  the  door  is  followed  by  the  diffraction  phase,  dur¬ 
ing  which  time  the  jet  emerging  from  the  doorway  into  the  room  is 
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established.  If  we  consider  the  door  as  approximately  circular ,  its 
radius  will  be 


b 


o 


2.58  ft. 


Since  its  area  is  21  sf.  to  calculate  the  period  of  set  buildup  using 
Eq.  (30) 3  we  need  a  value  for  sound  speed  in  the  doorway ,  where  initially 
the  pressure  is  intermediate  between  that  outside  and  that  inside.  As 
an  approximation  we  can  base  our  value  of  sound  speed  on  initial  condi¬ 
tions  in  the  room  (vis. 3  pressure  PQ  =  14.7  psi  and  density  =  0.002378 
slugs/c f)  and  apply  the  formula  on  page  10-38  of  Ref .  5  viz.  3 

1.4  x  14.7  x  144  \  0,5 
0.002378  ) 

-  1116.  fps 


Thus  t ,  =  ^  =  0.00914  sec 

1  1110 

Since  the  duration  of  choked  inflow  is  52.0  ms  (which  is  greater  than  t^) 
the  initial  mass  inflow  rate  after  establishment  of  the  get  will  be  (from 
Numerical  Example  No.  3): 

=  46.7  slug/sec 

and  from  Eq.  (29)  the  initial  core  dynamic  pressure  becomes: 


=  _ (46.  7)2 _  1 34. 7  • 4 

aore  2  x  0.004397  x  (21)2  x  144  \14'7! 

=  7.21  psi 

This  core  pressure  reaches  approximately 

4.5  b  =  4.5  x  2.58  =  11.6  ft 

o  J 

in  the  room  along  the  get  axis.  Immediately  following  the  core  is  the 
transition  region  extending  a  distance  2.2  =  2.2  x  2.58  =  5.68  ft 
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further  into  the  room.  The  main  region  of  the  set  begins,  then,  at  a 
point  11.6  +  5.68  =  17.3  ft  inside  the  doorway.  On  the  get  axis  (y  =  o) 
at  a  distance  25  ft  from  the  door  x  =  25  and  Eq.  (36)  gives  the  dynamic 
pressure  as: 


q  = 


/ .  zi 


\ 


25 


/ 


The  half  width  of  the  mixing  zone  at  this  distance  from  the  door  is  by 
Eq..  (34): 


b  =  0.22  x  25  =  5.5  ft 

5 


so  that  at  a  point  5  ft  off  the  axis  n  =  5  ^ 
the  dynamic  pressure  as: 


q  =  2.96  [l  -(0.909)1,5 1 

=  0.000936  psi 


=  0.909  and  Eq.  (36)  gives 
4 


0.0 


2.  Countermeasures  Against  the  Jet.  Obstacles  to  flow,  such  as 
corners  or  barriers,  may  be  found  in  a  shelter  or  can  be  deliberately  de¬ 
signed  into  the  structure.  Coulter^-*-  has  reportedly  increased  protection 
against  the  threat  of  the  jet  by  placing,  a  simple  baffle  inside  the  doorway 
to  a  small  model  of  a  shelter  space,  as  illustrated  in  Figure  E-ll.  Entry 
barriers  or  mazes  certainly  have  the  effect  of  increasing  the  duration  of 
the  diffraction  phase,  viz.,  the  time  during  which  the  jet  is  building  up 
to  full  intensity.  Thus,  if  the  driving  pressure  is  of  short  duration  or 
is  rapidly  decreasing,  the  average  intensity  of  the  jet  flowing  into  the 
shelter  can  be  reduced  by  the  presence  of  a  barrier  at  the  entry.  When 
the  weapon  yield  is  very  small,  i.e.,  a  few  kilotons,  and  peak  overpres¬ 
sure  larger  than  1  psi,  the  delay  in  establishment  of  the  jet  resulting 
from  the  presence  of  a  baffle  or  maze  may  have  a  measurable  effect  on  the 
jet,  but  durations  of  moderate  overpressures  (1  to  15  psi)  caused  by  mega¬ 
ton  weapons  are  so  long  that  the  relatively  brief  delays  offered  by  simple 
baffles  are  of  little  use  in  reducing  the  jet  hazard.  Another  feature  of 
baffles  or  mazes  is  the  additional  wall  friction  that  might  impede  jet 
flow.  Generally,  to  make  friction  effective  at  the  high  Reynolds  numbers 
usually  found  in  cases  of  blast  room-filling,  the  length  of  constrained 
flow  must  be  so  great  as  to  leave  little  space  for  shelter,  as  we  shall 
see  later  in  this  section. 


FIGURE  E-1 1  SIMPLE  BARRIER  AT  SHELTER  ENTRY 


Floor  space  usable  for  shelter  might  be  increased  by  deliberate  dif¬ 
fusion  of  the  flow  throughout  the  room,  as  suggested  by  the  sketch  in 
Figure  E-12.  In  this  case,  the  area  A2  appearing  in  the  denominator  of 
Eq.  (29)  may  effectively  be  much  greater  than  the  area  of  the  entry  and 
the  peak  dynamic  pressure  in  the  room  reduced  below  the  danger  level 
everywhere.  A  diffuser  should  also  reduce  vorticity,  the  presence  of 
moving  centers  of  high  speed  rotational  flow  extending  over  very  limited 
areas  at  any  one  time.  A  vortex  may  be  dangerous  to  human  bodies  in  its 
path  since  wind  speeds  within  the  vortex  may  be  considerably  greater  than 
in  the  jet  core.  Diffusion  should  not  be  considered  unless  the  maximum 
or  choked*  flow  rate  (Am/At)choked  can  be  shown  to  be  safe'1'  when  diffused 


*  See  page  32. 

t  The  general  subject  of  hazard  to  shelterees  in  open  shelter  is  dis¬ 
cussed  in  Volume  1,  pages  8-67  to  8-71,  of  the  present  work.  The 
technical  background  necessary  to  calculation  of  the  hazard  is 
presented  later  in  this  section. 
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DIRECTION 
OF  FLOW 


SHELTER 


FIGURE  E-1 2  DIFFUSER-BAFFLE  SCHEME  AT  ENTRY 


over  a  broad  area  at  the  entrance.  Possibilities  offered  by  deliberate 
diffusion  are  under  study.  The  diffuser  shown  in  Figure  E-12  is  schematic 
only  and  is  not  meant  to  suggest  an  actual  device. 

One  kind  of  barrier  that  might  reduce  the  jet  intensity  flowing  over 
prone  shelterees  is  a  ramp  to  deflect  part  of  the  incoming  stream  toward 
the  ceiling.  No  device  of  this  kind  has  been  studied. 

Another  seemingly  useful  characteristic  of  steady  flow  through  pipes 
(and  presumably  of  steady  flow  and  quasi-steady  flow  through  entry  mazes) 
is  a  certain  loss  of  momentum  (or  average  wind  speed)  with  distance  trav¬ 
eled.  While  it  seems  likely  that,  other  things  being  equal,  the  loss 
through  an  entry  maze  would  be  greater  than  the  loss  through  a  pipe,  the 
known  loss  rate  through  pipes  of  certain  regular  cross-sectional  shapes 
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(with  both  rough  and  smooth  walls)  appears  so  slight  that  we  are  led  to 
the  belief  that  an  entry  maze  effective  for  the  protection  of  shelterees 
from  translational  hazard  must  be  unreasonably  long  or  that  we  must  seek 
other  protective  mechanisms  in  the  maze  not  found  in  pipes. 

In  order  to  demonstrate  the  frictional  loss  rate  quantitatively  we 

calculate  it  here  for  a  pipe,  which  we  imagine  is  serving  as  an  entry  to 

a  shelter.  The  nondimensional  coefficient  of  resistance  >  is  defined  by 
27 

the  equation: 


dP  =  X 
dl  d 


(37) 


where  dP/dl  is  the  loss  of  pressure  head  per  unit  length  of  travel 
d  is  the  pipe  diameter 

q  is  the  mean  dynamic  pressure  in  a  cross  section. 

In  smooth  pipes  the  coefficient  \  is  a  function  only  of  the  non- 
dimensional  group  called  the  Reynolds  number‘d  Re  which  is  a  function 
of  a  linear  dimension  (in  this  case,  the  diameter  d  of  the  pipe),  wind 
speed  u,  air  viscosity  7]  and  air  density  p;  i.e.  , 


Air  viscosity  is  a  function  is  a  function  of  temperature,  but  in  the 
range  of  our  interest  it  can  be  taken5’26  as  approximately  4.C  x  10-5 

o 

lb  sec/ft  .  If  we  assume  that  the  pressure  differential  between  inside 
and  outside  equals  10  psi,  inside  pressure  P3  is  standard  atmospheric* 
or  14.7  psi,  air  density  in  the  entry  and  room  is  also  standard*  or 
0.002378  slug/cf  and  Y  =  1.4;  then  Eqs.  (13)  and  (14)  give  the  value  of 
wind  speed  U2  in  the  entry,  i.e.,  U2  =  998  fps.  Also  dynamic  pressure, 
q  =  (pu^)/2  =  8.23  psi.  Hence,  for  the  flow  in  our  hypothetical  pipe 
entry : 


Re  =  2.38  X  105 

where  we  have  assumed  a  pipe  diameter  d  of  4  ft. 

Figure  E-13  shows  the  dependence  of  frictional  resistance  on  Re. 
The  pronounced  change  in  slope  of  the  curve  between  RE  =  2000  and  Re  = 
4000  corresponds  to  the  transition  from  laminar  to  turbulent  flow.27’28 
Unfortunately,  a  10-psi  pressure  differential  across  our  hypothetical 
pipe  entry  leads  to  turbulent  flow,  where  the  value  of  \  is  generally 
less  than  for  laminar  flow. 

*  See  page  6-8  of  Volume  1  of  the  present  work. 
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Reading  Figure  E-13  we  expect  the  coefficient  of  resistance  to 


be : 


l  «  0.015 

and  Eq .  (37)  tells  us  immediately  that  the  initial  rate  of  loss  of  head 
is  small.  However,  we  can  continue  the  quantitative  estimate  as  follows. 

Equation  (1)  can  be  written  for  any  cross  section  in  the  pipe,  which 
is  another  way  of  saying  that  the  quantity 


v  P  1 
Y-l  p  +  2 


2 

u  =  c 


is  a  constant  along  the  length  of  the  pipe.  Since  we  know  the  values  of 
the  flow  parameters  at  the  intake  cross  section,  we  can  evaluate  this 
constant ;  i .e . , 


c 


_Y_ 

y-l 


P 

1 


(38) 


where  the  subscripts  refer  to  the  initial  cross  section.  Multiplying 
both  sides  of  Eq.  (38)  by  p  and  differentiating,  we  find: 


y 

-C  dp  + 


dP  +  dq  =  0 


(39) 


In  steady  flow  another  equation  is  available,  since  the  mass  passing 
through  a  cross  section  per  unit  time  is  the  same  everywhere  along  the 
pipe,  or 


pu  =  M,  a  constant  (40) 

Squaring  both  sides  of  Eq.  (40)  and  dividing  by  2 p,  we  can  write: 

2 

2  1" 
nU  = 

2 


M_ 

20 


Noting  the  definition,  q  =  (pu^)/2,  and  rearranging  terms,  we  discover: 

.2 


P  = 


M_ 

2q 
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After  differentiation,  this  becomes: 


The  last  relation  can  be  used  in  Eq.  (39)  to  eliminate  the  density,  so 
that  we  can  rewrite  Eq .  (39)  as  follows: 


dP 


dq 


To  find  the  rate  of  change  of  dynamic  pressure  with  distance  of  flow 
through  the  pipe,  we  substitute  this  expression  for  dP  into  the  defining 
equation  for  Eq.  (37): 


dq 

dj t 


Y 

i-y 


i 


2 

1  +  CM_ 
2 

2q 


1 

d 


q 


JL  A 

l-Y  d 


d  l 


This  differential  equation  is  easily  integrated  to  give  the  relation  we 
seek  between  the  distance  of  travel  &  and  dynamic  pressure  q: 


Here  q^  is  the  dynamic  pressure  in  the  initial  cross  section.  The  constants 
C  and  M  can  be  evaluated  for  our  hypothetical  pipe  entry  by  using  the  pre¬ 
viously  calculated  initial  values  of  the  flow  parameters  as  follows: 
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=  14.7  +  10.0  =  24.7  psi 

* 


=  P. 


7P  +  6p 
o 


o  7P  +  p 
o 


=  0.002378  slug/cf 


7  X  14.7  +  6  X  10 
7  X  14.7  +  10 


0.00343  slug/cf 
998.  fps 


=  1.4 


Substituting  these  values  in  Eq.  (38),  we  find 


6  2  2 

=  4.13  X  10  ft  /sec 


Equation  (40)  yields: 


M 


=  3.42 


lb  sec 


ft 


Hence , 


CM  2 

=  582  psi^ 


As  noted  above,  the  value  of  \  is  initially  0.015;  however  as  friction 
reduces  wind  speed,  the  Reynolds  number  will  decrease  and  X  increase. 
However,  the  change  in  X  corresponding  to  a  tenfold  decrease  in  wind 
speed  is  less  than  a  factor  of  2,  as  is  clear  from  Figure  E-13.  To  find 
the  length  of  flow  required  to  reduce  q  to  a  value  q/2,  we  will  use  Eq . 
(41)  and  assume  X  is  constant  and  equal  to  0.02.  Hence, 


or, 


j&n  2  + 


582 

- 2  X3 

(8.23) 

i 

d 


7  ft 

-  0.002  - 

2  d 

9820 


*  This  is  the  air  density  behind  a  shock  front  of  overpressure  p  in  a 
standard  atmosphere.  See  page  122  of  Ref.  1.  See  page  6-8,  Volume  1, 
of  the  present  work  for  characteristics  of  the  standard  atmosphere. 


E-67 


In  other  words,  a  flow  distance  of  nearly  10,000  diameters  is  needed 
to  reduce  the  dynamic  pressure  in  our  hypothetical  pipe  entry  to  one-half 
its  initial  value. 

Since  increasing  the  value  of  X  tenfold,  or  even  one  hundredfold, 
would  not  make  the  results  of  our  calculation  significantly  more  opti¬ 
mistic,  it  appears  doubtful  that  any  sort  of  pipe  friction  in  an  entry 
maze  will  be  of  practical  help  in  the  design  of  open  shelter.  In  fact, 
resistance  in  pipes  of  triangular  and  rectangular  cross  section  is  only 
slightly  greater  than  in  pipes  of  circular  cross  section.  Roughening 
the  inside  walls  of  pipes  with  sand  increases  X  no  more  than  four  times. ^ 

It  may  be  possible  to  increase  the  flow  into  a  shelter  (and  thus 
reduce  drag  time)  in  a  way  not  threatening  to  shelterees  by  using  a 
porous  wall;  that  is,  admit  the  shelterees  through  a  relatively  small 
open  doorway  and  fill  the  room  with  air  from  the  blast  wave  through 
countless  tiny  ducts  placed  in  an  entire  wall  or  walls.  Such  a  method 
is  a  variation  on  the  diffuser  pictured  in  Figure  E-12. 

Within  the  shelter,  friction  will  be  important  wherever  the  flow  is 
caused  to  pass  a  corner,  where  the  boundary  layer  will  generally  separate 
from  the  wall  and  a  zone  of  turbulence  will  be  created.  Flow  turning  an 
inside  corner,  for  example,  will  avoid  the  wall  and  pass  outside  a  turbu¬ 
lent  vortex  zone,  as  sketched  in  Figure  E-14.  Flow  past  an  outside  cor¬ 
ner,  as  in  Figure  E-15,  will  also  be  associated  with  a  turbulent  vortex 
zone,  but  there  is  no  guarantee  the  zone  will  remain  in  one  place  as  the 
room  fills.  In  fact,  the  vortices  may  be  shed  from  the  corner  and  objects 
within  the  room  buffeted  as  the  very  high  speed  winds  within  the  vortices 
pass  over  them. 


3.  Calculation  of  the  Drag  Force  on  Objects.  A  still  object  in 
a  stream  of  moving  air  is  accelerated  according  to  the  formula 


dv 

dt 


C  A 
d 


where  Ccj 
A 
M 

q 


=  drag  coefficient  of  object 

=  cross  sectional  area  of  object  normal  to  flow 
=  mass  of  object 

=  dynamic  pressure  of  moving  air 


(42) 


*  See  Figure  20.12,  page  517,  Ref.  27 
t  See  Figure  20.18,  page  521,  Ref.  27. 
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The  drag  coefficient  Cd  is  a  function  of  object  shape  and  Reynolds  numbers, 
Re,  which  is  a  dimensionless  group  depending  on  object  size,  L,  wind 
speed,  u,  air  viscosity,  T\,  and  air  density,  p: 


Re  =  (43) 

T) 

Viscosity  is  a  function  of  temperature  but  in  the  range  of  our  interest 
5  26  n 

it  can  be  taken  ’  as  approximately  4.0  x  10  lb  sec/ft  . 

Actually,  there  are  two  kinds  of  drag  force  exerted  by  moving  air 
on  a  body:  skin  friction  drag  and  pressure  drag.  Friction  drag  is 
important  only  when  Re  <  10,  otherwise,  only  pressure  drag  need  be  con¬ 
sidered.  Both  kinds  of  drag  force  are  expressed  by  Eq.  (42). 

For  pressure  drag  and  for  the  spherical  and  cylindrical  shapes,  the 
coefficient  Cd  varies  with  Reynolds  number  as  shown  in  Figures  E-16  and 
E-17.  The  data  in  Figure  E-17  apply  to  a  cylinder  whose  axis  is  normal 
to  the  wind.  Friction  drag  will  not  generally  be  important  in  blast 
filling  of  rooms.  Since  the  Reynolds  numbers  corresponding  to  hazardous 
flows  will  usually  be  above  100,  Figs.  E-16  and  E-17  show  that  the  drag 
coefficient  may  conservatively  be  assumed  constant  at  the  value  of  1. 
(The  discontinuity  shown  near  the  value  Re  =  106  is  associated  with  the 
onset  of  turbulence.) 

Most  of  the  measurements  of  dynamic  pressure  have  been  made  in¬ 
directly  by  observing  the  motion  of  object  accelerated  by  the  drag  force 
of  an  air  jet.  For  example,  Coulter  has  reported  the  acceleration  of  an 
1/8-inch  diameter  nylon  ball  placed  in  the  doorway  of  a  small  model  room 
struck  head-on  by  a  weak  shock  wave®;  in  another  series  of  experiments, 

Coulter  has  observed  the  motion  of  cylinders  in  a  model  basement  filling 
25 

from  a  shock  wave. 

As  illustrations  of  the  calculation  of  acceleration  of  objects  in  a 
jet,  we  will  attempt  to  account  for  Coulter's  observations. 

Our  procedure  will  be  as  follows: 

(1)  Show  the  negligibility  of  any  acceleration  ascribable  to  the 
differential  force  on  the  object  while  the  shock  wave  is  still 
passing  across  the  object. 

(2)  Estimate  the  acceleration  of  the  object  in  the  flow  immedi¬ 
ately  behind  the  shock  front.  This  will  require  knowledge 
of  flow  characteristics  from  articles  3.47  through  3.50  of 
Ref.  1,  viz.,  wind  speed,  air  density  and  dynamic  pressure. 
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Re 


FIGURE  E-1 6  EXPERIMENTAL  DRAG  COEFFICIENTS  OF  SPHERE 


Re 


FIGURE  E-1 7  DRAG  COEFFICIENT  OF  CIRCULAR  CYLINDER  IN  FLOW  NORMAL  TO 
AXIS  (BETWEEN  WALLS) 


(3)  Estimate  duration  of  jet  buildup  from  Eq .  (30). 

(4)  Calculate  acceleration  of  the  object  in  the  fully  established 
jet  using  Eqs.  (29)  and  (42). 

(5)  From  the  results  of  steps  (2)  and  (4),  approximate  the  speed 
gained  during  the  buildup  phase. 

(6)  Calculate  the  speed  gained  and  distance  travelled  during  the 
remainder  of  the  room  filling;  hence,  find  the  final  speed 
and  displacement  of  the  ball  to  compare  with  observation. 

Step  (1)  is  accomplished  by  finding  an  upper  bound  to  the  impulse 

given  to  the  ball  by  the  pressure  differential  in  the  shock  front  during 

its  passage  across  the  ball  diameter.  The  duration  of  the  unbalanced 

shock  pressure  on  the  ball  is  less  than  the  time  of  passage,  T,  of  a 

sound  signal  across  the  ball  diameter,  D,  i.e.,  T=D/cQ.  The  impulse,  I, 

must  be  less  than  the  overpressure  (P  -  P  )  times  the  ball  cross  sec- 
2  o 

tional  area  ttD  /A  times  T  or: 


I  <  (P  -  P  ) 
o 


T 


<p  -  po> 


5|c 

If  the  specific  gravity  of  nylon  is  approximately  unity,  then  the  mass 
of  the  ball  will  be 


rr  3 

M  =  -  D  p 

6  w 


where  p  stands  for  the  density  of  water.  The  speed,  v,  imparted  to 
mass,  M,  by  the  impulse,  I,  can  therefore  not  be  greater  than: 

P-P 

3  _ o 

2  pc 

w  o 

v  <  0.488  fps 


/  \  D 

P-P  tt  ~ 
I  '  o'  4 

v  =  —  <  - - - 

M  tt  3 

—  D  p  c 
6  wo 


where  we  have  taken  the  density  of  water  as  1.94  slugs/cf  (page  6-04  of 
Ref .  5) . 


*  See  p.  13-48,  Ref.  5,  for  a  definition  of  specific  gravity. 
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Thus  the  acceleration  attributable  directly  to  the  shock  is  in  this 
case  and  in  most  other  cases  completely  negligible.  As  we  will  see,  the 
drag  force  resulting  from  the  wind  immediately  behind  the  shock  front 
causes  more  acceleration  than  the  front  itself  and  the  acceleration  owing 
to  the  fully  developed  jet  causes  still  greater  acceleration 


To  begin  step  (2)  we  must  write  an  expression  for  sound  speed  as  a 
function  of  pressure  and  density.  From  Eq .  (5)  of  Chapter  20  in  Ref.  5, 
sound  speed,  c,  can  be  written: 


where  we  have  substituted  the  value  y  =  1.4. 

Then  (from  page  122  of  Ref.  1)  wind  speed  behind  the  shock  of  pressure, 
P,  is 


where  P  =  pressure  ahead  of  shock  front  and 
o 

c  =  sound  speed  ahead  of  front.  ( 
o 


From  the  same  reference,  density  behind  the  front  can  be  expressed  as: 


o 


and  dynamic  pressure  (from  Eq.  (3.49,1)  of  Ref.  1)  is 

_  5  (P-Po) 2 

Q  2  6P  +P 


(44) 


(45) 
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In  his  experiment  with  the  nylon  ball,  Coulter  allowed  a  shock  front 
of  overpressure  equal  to  4.89  psig  to  strike  a  reflecting  plate  in  which 
an  entrance  1x4  inches  was  cut.  Since  the  chamber  behind  the  opening 
had  a  volume-to-opening  area  ratio  (V/A)  equal  to  1.33,  filling  was  essen¬ 
tially  complete  in  1.33/2  =  0.667  ms,  during  which  time  there  was  little 
or  no  decay  of  the  incident  wave.  Hence,  P  -  P  =4.89  psi,  Table  6.1 
on  page  6-9  of  Volume  1  of  the  present  work  gives  standard  atmospheric 
air  density  pQ  at  sea  level  and  temperature  of  59F  as  0.002378  lb-sec2/ 
ft^;  and  if  we  assume  PD  =  14.7  psi,  then  air  density  behind  the  shock 
becomes : 


2  4 

p  =  0.002917  lb-sec  /ft 


and  dynamic  pressure 


q  =  0.5546  psi 

and  sound  speed,  c^,  in  standard  air 

c  =  1116.  fps 
o 

Under  these  conditions,  wind  speed  becomes: 

u  =  233.9  fps 

From  these  values  of  wind  speed  and  air  density  we  calculate  the  Reynolds 
number  ,  Eq .  (43),  for  the  nylon  ball  caught  in  the  wind  immediately 
behind  the  shock: 


_  Lup  _  (1/8)  X  (1/12)  X  233,9  X  0.002917 

•n  -5 

1  4.0  X  10 

=  177.7 

Finally,  Figure  E-16  suggests  for  Re  =  178  a  value  of  near  0.9.  We 
can  now  use  Eq.  (42)  to  calculate  the  initial  acceleration  of  the  nylon 
ball : 

dv  _  j/  _  0.9ttD2/4  _  1.35 

dt  "  M  q  ~  tt  3  q  “  Dp  q 

6  pw 

dv  ,  2 

—  =  5345.  ft/sec 
dt 
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For  step  (3)  we  estimate  the  duration  t  of  the  jet  buildup  from 
Eq.  (30) 


t 


1 


4b 


o 


c 


Here  c  should  be  the  sound  speed  behind  the  shock  front,  where  we  have 
found  air  density  to  be 

2  ,  4 

p  =  0.002917  lb-sec  /ft 

and  where  P  =  14.7  +  4.89  =  19.6  psi; 
hence , 

.5 

=  1164.  fps 

Taking  bQ  =  1  inch,  the  width  of  the  opening,  we  find 


4X1 

1  "  12  X  1164 


0.286  ms 


Since  the  filling  time  of  the  model,  estimated  by  the  simple  rules  of 
Section  IIA,  is  approximately  0.667  ms,  the  buildup  time  t-^  is  signifi¬ 
cant  and  we  must  consider  the  effect  of  the  shock  drag  force  on  the 
object . 

Step  (4)  begins  with  the  calculation  of  reservoir  conditions  out¬ 
side  the  entry  to  the  model.  Reflection  at  normal  incidence  of  a  4.89- 
psig  shock  produces  a  reflected  overpressure  (cf.  Eq .  (3.50.1)  of  Ref.  1) 
equal  to 


P  =2  P-P  +  (  y+1)  q 
1  o 

Substituting  y  =  1.4  and  q  =  0.555  psi 

P  =  25,8  psia 

Air  density  in  the  reservoir  can  be  found  from  a  second  application  of 
Eq.  (44),  where  now  pQ  and  PQ  are  the  density  and  overpressure  behind 
the  incident  shock  and  P  =  P^ .  Hence , 
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7  + 


6 


(25.8-19.6) 


Pi 


19.6 


7  + 


25.8-19.6 

19.6 


0.0029717 


0  =  0.003548 

yl 


lb-sec  /ft 


4 


(We  might  have  with  enough  accuracy  found  p^  by  using  Eq.  (6)  and  taking 
PQ  =  14.7  psi  and  pQ  =  0.002378  lb-sec^/ft^,  the  values  in  a  normal  at¬ 
mosphere  at  sea  level  and  temperature  59F.) 


These  reservoir  conditions  remain  constant  during  the  whole  filling 
time . 


From  a  knowledge  of  reservoir  conditions  alone,  we  can  calculate 
mass  inflow  rate  by  Method  F;  specifically,  from  Eq .  (10)  we  write: 


Am 

At 


A 


2 


(Alternatively  ,  we  could  use  Method  D  and  either  Eq .  (15)  or  Eq.  (17).) 
The  above  expression  for  Am/At  becomes  upon  substitution  of  numerical 
values  for  and  : 


—  =  1.809  A9  slugs/sec-f t2 
At  A 

Core  dynamic  pressure,  then,  comes  from  Eq .  (29): 


0.7143 


(1 , 809)' 


core  2  X  0.003548  X  144  \P 


psi 


,0.7143 


=  3.202 


psi 


As  an  approximation,  we  will  use  a  mean  value  for  the  pressure  ratio 


25.8 


25.8  +  14.7 


=  1.274 
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Hence , 


q  «  3 . 81  psi 
core 

(Since  P]_  <  13.13  psig,  were  we  to  use  Method  D,  inflow  would  be  unchoked 
and  Eq.  (15)  would  apply.  Initially  P3  =  14.7  psi  so  that  by  Method  D 
initial  mass  inflow  rate  for  the  same  reservoir  conditions  becomes: 

—  =  1.733  A  slugs/sec-f t2 
At  2 

which  compares  fairly  well  with  the  mass  inflow  rate  computed  by  Method  F 
above . ) 

In  order  to  find  a  value  for  the  drag  coefficient  in  Figure  E-16, 
we  must  determine  the  wind  speed  u  from  the  mass  flow  rate  and  room  air 
density.  Again,  taking  a  value  for  the  density  that  is  the  mean  between 
initial  and  final  density  in  the  chamber: 


I.  Am  _  _ 1 . 809 _ 

0  A  At  0.002378  +  0.003548 
3  2  - 2 - 

«  610.  fps 


from  which  we  calculate  the  Reynolds  number  to  be: 


Re 


X  —  X  610  X  0.002963 
12 


4  X  10 


-5 


=  472 

From  Figure  E-16,  for  the  1/8-inch  sphere  in  such  a  flow  is  approxi¬ 
mately  0.56.  Combining  these  values  in  Eq.  (42): 

C  A  C 

dv  _  d  _  3_  d 

dt  M  ^core  2  Dn  core 

w 

,  2 

=  22950  ft/sec 

Comparing  this  result  with  that  of  step  (2) ,  we  see  that  acceleration  in 
the  fully  established  jet  is  four  times  greater  than  that  immediately 
behind  the  incident  shock  front. 
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(The  combination  of  constants  C^A/M  is  sometimes  known  as  the 
"acceleration  coefficient."^  Over  a  wide  range  of  Reynolds  numbers  it 
is  characteristic  only  of  the  object  being  dragged.  The  interactive 
computer  program  listed  in  Table  E-3  will  ask  the  operator  to  enter  a 
value  for  the  acceleration  coefficient  before  calculating  slide  trajec¬ 
tories.  ) 

For  step  (5)  we  estimate  the  speed  gain  during  the  establishment 
of  the  jet  by  averaging  the  acceleration  at  the  beginning  of  filling 
(viz.,  5345  fps)  and  that  in  the  fully  established  jet  (viz.,  22950  fps) . 
Hence  the  speed  gain  Av^  during  the  time  tQ  =  0.286  ms  becomes: 

Av  J  £  dt 
1  /  dt 

J  o 

5345  +  22950 

Av  =  -  X  0.000286  fps 

12 

Av  =  4.05  fps 
1 

Finally,  in  Step  (6)  we  compute  the  additional  speed  gain  Av2  from 
the  fully  established  jet.  For  estimating  an  upper  bound  to  this  gain 
we  can  assume  the  drag  force  remains  constant  during  the  interval  between 
tQ  and  the  completion  of  filling,  i.e.,  during  a  time  0.667  -  0.286  = 
0.381  ms.  In  that  case 


Av  <  22950  X  0.000381  =8.74  fps 
2 

or  the  total  speed  v  =  Av^  +  Av2  <  8.74  +  4.05  =  12.8  fps. 

The  distance  moved  s  is  bounded  by  the  value: 

s  -ff%  dt  dt 

2  -6 

S  <  0.5  X  22950  X  (0.381)  X  10  X  0.000381 


s  <  0.0385  inch 

From  this  calculation  we  concluded  that  the  ball  stayed  in  the  jet  core 
until  filling  was  complete. 
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Coulter,  however,  reported  terminal  speed  of  the  nylon  ball  (after 
0.700  ms)  as  29.8  fps.  The  cause  of  the  discrepancy  between  our  upper 
bound  v  <  12.8  fps  and  Coulter's  observation  is  not  known.  Had  we  postu¬ 
lated  immediate  jet  establishment  (that  is,  had  we  assumed  t^  =0),  we 
would  calculate  an  upper  bound  on  v  somewhat  larger  than  12.8  fps  as 
follows : 


v  <  22950  X  0.000667  =  15.3  fps 

however,  this  upper  bound  is  still  only  half  as  large  as  the  speed  re¬ 
ported. 

In  Eq.  (42)  the  dynamic  pressure  q  is  a  function  of  the  time  after 
shock  arrival  and  of  the  position  of  the  ball  as  it  moves  with  the  wind. 
(It  is  also  a  function  of  the  ball  speed,  since  drag  force  depends  only 
on  the  difference  between  ball  speed  and  wind  speed.  This  dependence  is 
not  important  when  the  ball  speed  is  negligibly  smaller  than  wind  speed, 
as  is  the  case  in  the  example  of  the  nylon  ball.)  By  integrating  Eq. 
(42)  numerically  the  time  and  position  dependence  of  dynamic  pressure  q 
can  be  taken  into  account,  and  in  the  case  of  a  large  room  filling 
through  a  small  opening  time  and  position  dependence  of  q  must  be  taken 
into  account.  For  example,  Coulter*u  has  observed  the  filling  of  a 
model  basement  from  5-,  10-,  and  20-psig  shock  waves.  Filling  time  was 
observed  to  be  approximately  14  ms  and  jet  establishment  required  be¬ 
tween  1  and  2  ms.  In  these  basement  models,  the  room-filling  wind  swept 
over  model  barrels  resting  upright  on  the  floor  and  simulating  shelter 
supplies.  The  barrels  moved  the  length  of  the  room  and  their  final 
speeds  were  measured  approximately  from  motion  pictures.  Using  a  drag 
coefficient  C^  =  0.47  (i.e.,  assuming  an  approximately  spherical  shape 
for  the  barrel)  in  a  stepwise  integration  of  Eq.  (42),  we  calculate  in 
the  case  of  the  5-psig  wave  a  final  speed  of  7.1  fps.  Coulter  measured 
a  final  speed  equal  to  7.5  fps.  In  this  case  then  of  relatively  rapid 
jet  establishment  our  calculation  of  drag  acceleration  of  an  object  in 
a  room-filling  wind  was  fairly  successful. 


Ill .  Multiple  Rooms 


A.  Inflow 


Although  the  algebra  becomes  increasingly  cumbersom  as  rooms  are 
added,  the  foregoing  principles  of  calculation  can  be  applied  to  a  series 
of  connected  rooms.  For  example,  two  rooms  are  represented  in  Figure 
E-18  for  which  two  control  surfaces  can  be  employed.  In  the  figure  the 


*  The  concept  of  control  surfaces  is  explained  in  Section  IIB1  above. 
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FIGURE  E-18  CONTROL  SURFACE  USED  IN  CALCULATING 
FLOW  INTO  SECOND  ROOM 
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larger  control  surface,  shown  dashed,  includes  the  first  or  outer  room 
as  well  as  an  arbitrary  volume  outside  and  the  doorway  between  them.  The 
smaller,  shown  dotted,  embraces  only  the  outside  volume  and  the  first 
doorway.  In  this  section  only  inward  flow  through  these  surfaces  will 
be  considered;  outflow,  as  well  as  inflow  through  one  doorway  combined 
with  outflow  in  another,  will  be  treated  in  the  following  section. 

Through  the  smaller  surface  the  momentum  flux  is  due  to  flow  through  the 
first  doorway  and  the  resulting  conservation  of  momentum  equation  can  be 
written  exactly  as  in  Eq.  (2).  In  addition,  conservation  of  energy,  Eq . 

(1) ,  and  the  isentropic  equation  of  state,  Eq.  (3),  both  apply  without 
change  to  the  filling  of  the  first  or  outer  of  two  connected  rooms  from 
an  outside  blast  wave.  Equations  (1),  (2),  and  (3)  constitute  a  solution 
by  Method  F.  If  Method  D  or  G*  is  preferred,  Eq.  (13)  replaces  Eq.  (2). 
In  other  words,  within  the  accuracy  of  our  approximation,  the  mass  flow 
rate  and  wind  speed  through  the  first  or  outer  doorway  does  not  depend 
on  the  presence  or  absence  of  an  inner  room.  Average  pressure  in  the 
outer  room,  of  course,  is  different  when  an  inner  room  is  present  from 
what  it  is  when  an  inner  room  is  absent. 

Calculation  of  the  flow  into  the  second  or  inner  room  by  Method  D 
or  G  requires  obvious  extensions  of  the  foregoing  set  of  equations.  We 
may  write  conservation  of  energy  as  follows: 


1  2 
+  —  u 
2  3 


Y-l 


4  12 

—  +  -  u 
2  4 


(46) 


where  U3  is  the  wind  speed  through  the  outer  room.  The  analog  of  Eq. 
(13)  in  the  inner  room  is: 


Conservation  of  mass  implies  the  relation: 


0  u  A  = 
y3  3  3 


0  U  A 
y4  4  4 


(47) 


(48) 


where  A3  is  an  effective  cross-sectional  area  of  the  outer  room  serving 
as  a  duct  for  flow  into  the  inner  room.  Finally,  we  can  write  the  isen 
tropic  equation  of  state  for  air  in  the  second  doorway: 


*  See  Section  IIB1  above.  Method  G  is  identical  to  Method  D  (described 
by  Eqs .  (16)  and  (17)  above)  except  the  discharge  coefficient  K  is 
assumed  to  be  unity. 
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(49) 


We  thus  have  four  equations  -  Eqs.  (46),  (47),  (48),  and  (49)  -  to  solve 
for  four  unknowns:  ,  u^ ,  P^  and  u^.  The  mass  flow  through  the  second 
doorway  can  then  be  found  from  the  equation: 


=  K  p  u  A  At 
4P4  4  4 


(50) 


where  is  the  discharge  coefficient  for  the  second  or  inner  doorway. 
Flow  will  be  choked*  when  the  ratio  r  =  Pg/Pg  reaches  the  critical  value, 
determined  by  the  vanishing  of  the  derivative  d(Am5)/dr. 

Solving  Eqs.  (46)  through  (49)  for  u|,  we  find 


Taking  the  square  root  and  substituting  this  expression  in  Eq.  (50),  the 
analog  to  Eq.  (15)  is  found  to  be : 


(51) 

Except  for  the  final  factor  on  the  right  side,  Eq .  (51)  is  equivalent  to 
Eq.  (15)  with  the  Substitutions  K  -»■  ,  Pi  -*  P3 ,  P^  -*  P3 ,  and  P3  -*-Pg. 

If  we  make  the  reasonable  assumptions  that  A^«Ag  and  P5  <  P3  >  then  the 
final  factor  becomes  unity  and  the  similarity  is  exact.  In  this  case, 


*  See  Section  IIB1  for  a  discussion  of  choking. 
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calculation  of  filling  in  the  second  room  can  be  carried  out  by  Method  D 
or  G  as  if  the  first  room  served  as  an  outside  reservoir  for  the  second 
room  treated  as  a  single  room.  At  each  time  step  the  pressure  rise  in 
the  first  room  is  found  from  Eq.  (12),  in  which 

Am  =  Am  -  Am_ 

3  5 

where  Amg  is  the  mass  increment  flowing  through  the  first  doorway, 
calculated  from  Eqs.  (1),  (3)  and  (13). 

Method  F  can  be  used  to  calculate  pressure  rise  in  the  second  room, 
but  because  of  the  logical  absurdity  mentioned  in  Section  IIB1  provision 
must  be  made  in  the  analysis  for  one  or  more  correction  terms  A  in  equa¬ 
tions  expressing  conservation  of  momentum. 

To  write  conservation-of -momentum  equations  useful  in  solving  for 
the  flow  into  the  second  or  inner  room,  we  consider  again  the  larger  of 
the  two  control  surfaces  shown  in  Figure  E-18,  which  embraces  the  same 
volume  as  the  superposition  of  the  two  control  surfaces  drawn  in  Figures 
E-3  and  E-7.  Were  the  second  doorway  not  present,  the  momentum  flux 
through  the  surface  would  be  zero;  yet,  the  usual  assumption  of  uniform 
pressure  within  the  first  room  leaves  us  with  a  nonvanishing  component 
of  force  in  the  x-direction  after  integration  over  the  control  surface. 
This  is  the  logical  absurdity  presented  in  Section  IIB1  above.  To 
correct  this  inconsistency,  we  postulate  the  existence  of  a  force  sym¬ 
bolized  by  Ag  on  the  wall  of  the  first  room  directly  opposite  the  door¬ 
way;  thus,  when  the  second  doorway  is  absent,  the  momentum  balance 
becomes : 


0 


Solving  this  equation  for  A  , 

u 


we  f  ind : 


A 


3 


(52) 


Now  in  writing  the  momentum  balance  with  the  second  doorway  present  we 
include  the  term  A  ,  as  follows: 

•J 


+ 


2 

P4  U4  A4 


(53) 
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After  substitution  of  the  value  of  A,  this  equation  reduces  to: 


* 


2 


u 


4 


(54) 


Combining  Eqs.  (46),  (48),  (49)  and  (51)  we  can  solve  for  the  four  un¬ 
knowns  :  U3 ,  P4 ,  p4 ,  and  u4 . 

The  resulting  solution  for  P4  can  be  put  in  a  form  similar  to  that  used 
in  computing  P2  in  Eq.  (5)^: 


*  The  use  of  Eq.  (51)  is  equivalent  to  neglecting  the  possibility  of 
continuous  flow  through  the  "maze"  or  pipe  consisting  of  the  first 
doorway,  the  first  room,  and  the  second  doorway,  such  as  was  con¬ 
sidered  in  Section  IIC2  above.  Presumably,  were  the  first  room  small 
enough,  such  continuous  pipe-like  flow  would  be  established,  making 
it  more  sensible  to  treat  the  two  connected  rooms  as  a  single  room  of 
volume  equaling  the  sum  of  the  volumes  of  its  two  components.  The 
means  of  calculating  which  of  the  two  analytical  treatments  (viz., 
analysis  as  two  connected  rooms,  or  as  a  single  room)  is  appropriate 
are  not  available.  As  we  shall  see  in  a  numerical  calculation  later 
(cf.  Figure  E-19) ,  treatment  as  two  connected  rooms  may  reveal  no 
significant  pressure  difference  between  the  two  rooms  and  yield  essen¬ 
tially  the  same  pressure  history  in  the  blast-filled  volume  as  does 
treatment  as  a  single  room. 


E-84 


and  B 


2Y 

Y  +  1 


then  Eq.  (43)  can  be  written  in  the  same  form  as  Eq .  (5);  viz., 


1/Y 

By  =  y  +  A 


Since  P4  S  Pg  and  usually  A4  «  A3, 


A  S 
o  Y+l 


(56) 


Use  of  Eq.  (56)  is  equivalent  to  neglecting  the  average  wind  speed  in  the 
first  room;  i.e.,  if  u3  =  o  is  substituted  in  Eq .  (46),  Eq.  (56)  is  exact. 

After  the  duct  parameters,  i.e.,  pg,  Pg>  u2>  P4>  u4 >  and,  if  desired, 
u3,  have  been  found  from  the  foregoing  equations,  then  the  new  room  pres¬ 
sures  P3  and  P5  and  densities  pg  and  P5  are  calculated  as  follows: 


Am 


/  Y  P3  1  2  \  1 

\  Y-l  P3  +  2  U3 )  ~  Y-l 


<P5  -  P5)  V5 


(57) 


where 


Amc  =  u  .p,  A  .  At  ,  mass  increment  in  second  room 
0  4  4  4 


P 

- --Am  =  —  (P  -p')v+  —  (P  -P')  V 

Y-l  Px  Y-l  3  3'  3  Y-l  5  s'  V5 


(58) 


where 


and 


Am  - : 


P=  = 


P«  = 


up  A  At  ,  mass  increment  in  first  room: 
2  2  2 


Amc 


p  + 

5  V, 


5 
5 

Am  -  Amc 


P3  +  V 


(59) 


(60) 
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Numerical  Exam-pie  No.  5  (Flow  into  Two  Connected  Rooms).  Assume  that 
the  room  considered  in  Numerical  Example  No.  3  has  within  it  a  small  stor¬ 
age  compartment  of  800  cf  volume  opening  onto  the  main  room  through  a 
small  passage  10  sf  in  area.  We  compute  the  pressure  rise  in  both  por¬ 
tions  of  the  4000-cf  volume  in  the  first  time  increment  At  =  5  ms. 

Before  making  the  detailed  calculations  however,  we  can  see  from  the 
simple  rule  in  Section  IIA  that  there  will  never  be  significant  pressure 
difference  between  the  two  volumes.  The  approximate  filling  time  of  the 
larger  volume  is: 


A  T 


1 


4000  -  800 
2  x  21 


=  76.2  ms 


and  for  the  smaller  volume: 

=  2  x  10  =  40 ‘°  ms 

The  fact  that  AT  ^  <  AT  ^  means  that  the  smaller  volume  will  keep  pace  with 
the  larger  volume  in  filling ,  as  we  can  understand  from  the  detailed  cal¬ 
culation  below  by  Method  D. 

The  initial  mass  flow  rate  through  the  outer  doorway  (calculated  in 
Numerical  Example  No.  3)  is: 


=  46. 73  slug/sec 


which  means  that  in  the  first  time  increment 

A m2  =  46.73  x  0.005  =  0.2336  slug 

Such  a  mass  increment  means ,  according  to  Eq.  (12),  that  the  average  pres¬ 
sure  rise  in  the  outer  room  without  flow  into  the  inner  room  will  be: 


AP  =  P  p'  -  1 -A  x  34.7  X  0.2336 
3  3  “  3  0.004313(4000-800) 


0.8222  psi 


In  applying  Eq.  (51)  we  use  the  values  P'  =  14.7  psi,  K.  =  0.7,  and 

o  4 

provisionally  assume  P'  =  14.7  +  0.822  =  15.51  psi.  Also  by  Eq.  (11)  the 
provisional  value  of  outer  room  density  is: 

p'  =  0.002378  +  °'z2qo  =  0.002451  slug /of. 
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Hence 


Nrir.  = 


12  x  1.4  x  0.002451  x  15.52  x  144\°'5I14.7  \  1/1,4 
U,/  \  1.4-1  )  \ 15. 52 1 


X 


b-iMz)1'1'1'4}0'5 


10  x  0.005 


[>-mi)2/1'4(i )T 


=  0.02910  slug 

The  mass  remaining  in  the  main  room  then  is: 
Em  =  0.2536  -  0.02910  =  0.2045  slug 


and  the  corrected  density  in  the  main  room  at  the  end  of  the  first  time 
step  is: 

p,  =  0.002378  +  =  0.002442  slug/cf 

&  vaOO 

and  in  the  small  room: 


P5  =  0.002378  -h  =  0.002414  slug/cf 

Corrected  pressure  in  the  main  room  at  the  end  of  the  first  time  step  is 
by  Eq.  (12): 


P2  =  14.7  + 


1.4  x  34.7  x  Q.2045 
0.004313  x  3200 


=  15.42  psi 


and  using  an  analogy  to  Eq.  (12)  in  which  Pj  and  p^  have  been  replaced 
by  P'  and  p'j  respectively 3  we  calculate  the  pressure  in  the  small 

O  O 

connected  volume  to  be: 


P5  =  14.7  + 


1.4  x  14.7  x  0.02910 
0.002378  x  800 


=  15.01  psi 


For  the  second  time  increment  time  is  advanced  to  t  =  0.005  sec  and  any 
change  in  outside  conditions  must  be  reflected  in  the  values  of  P-,  and 
p^.  If  we  assume  Pj  and  p ^  are  unchanged  during  the  first  time  step3 
then  dm/dt  through  the  outer  doorway  is  the  same  as  it  was  initially; 
the  preliminary  increases  in  P?  and  p ^  are  the  same3  i.e .  3 

P'3  =  15.42  +  0.8222  =  16.24  psi 
and  p'  =  0.002442  +  =  0.002515  slug/cf 
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Again  applying  Eq.  (51)  we  find: 


Am, 


0.7 


(L 


8  x  0.002515  x  16.24  x  144\ 


0.5 


0.4 


( 15.01  y 
\16.24  I 


1/1.4 


15.01 

1624 


1-1/1. 4 


=  0.03546  slug 

The  net  increase  in  the  main  room  is  then: 

Am  =  0.2336  -  0.03546  =  0.1981  slug 

So  that  at  the  end  of  the  second  time  increment: 

■d  _  ,  1.4  x  34.7  x  0.1981  „ 

P3  15‘42  +  0.004313  x  3200  IS. 12  psx 

_  ,  I-4  x  16.24  x  0.03546 

P5  15 ‘01  +  0.002515  x  800  IS. 41  ps^ 

P2  =  0.002515  +  =  0.002577  slug/cf 

P5  =  0.002414  +  =  0.002458  slug/cf 


As  we  forecast 3  the  pressure  differential  between  the  two  connected 
volumes  is  decreasing  in  time  and  will  remain  small. 


B.  Outflow 


The  foregoing  section  considered  inward  flow  through  both  doorways. 
The  principles  for  studying  outflow  through  one  or  both  doorways  are  the 
same  but  certain  equations  must  be  rewritten.  Two  statements  can  be 
made : 


First,  outflow  (like  inflow)  through  the  first  or  outer  doorway  can 
be  calculated  exactly  as  set  forth  for  a  single  room.  In  the  case  of 
outflow,  Eqs .  (1),  (2),  and  (20)  are  required,  as  explained  in  Section 
I IB2 . 


Second,  both  inflow  and  outflow  through  the  second  or  inner  doorway 
are  affected  by  the  direction  of  flow  through  the  first  doorway.  There 
are  therefore  three  cases  remaining  to  be  treated  in  discussing  flow 
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through  the  second  doorway:  (1)  flow  through  the  second  doorway  is  out¬ 
ward  while  flow  through  the  first  is  inward,  (2)  flow  through  the  second 
doorway  is  outward  while  flow  through  the  first  is  outward,  and  (3)  flow 
through  the  second  doorway  is  inward  while  flow  through  the  first  is 
outward.  The  case  of  inward  flow  through  both  doorways  has  been  treated 
in  the  preceding  section. 

In  Case  (1),  u  =  0  and  Eq.  (46)  simplifies  to: 

O 


_x_ 

■y-1 


P' 

3 


=  _X_  . 

Y-l 


P 

4 


2 

4 


(61) 


but  a  momentum  balance  such  as  Eq.  (53)  must  contain  two  correction 
terms,  A3  and  A5,  to  account  for  excess  force  against  the  righthand  and 
lefthand  walls,  respectively,  of  the  first  room;  A3  is  given  by  Eq.  (52) 
and  by  analogy  we  can  write: 

A5  =  (P5  '  P3>  \  <62> 


Hence,  writing  the  momentum  balance  as  follows: 


(P„  -  P')  A  +  A  +  (P'  -  P  )  A  +  A_  =  p  u  A  (63) 

1  3  2  3  3  4  4  5  w4  44 


and  substituting  for  A  and  A  ,  we  find: 

o  0 


p' 

5 


p 

4 


0  u 
w4  4 


(64) 


To  the  outflow  through  the  second  or  inner  doorway  we  can  apply  the 
isentropic  equation  of  state  in  analogy  with  Eq .  (6): 


(65) 


Combining  Eqs.  (61),  (64),  and  (65),  we  find: 

1/ v 

By  =  y  +  A 

o 


whe  re 


P 

4 


(66) 
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(67) 


2v  w5  3 

B  =  1  •  — 7  *  — 

^+1  <>3  P5 

A  =  ^  (6! 

o  y+1 

In  Case  (2),  there  is  net  flow  through  the  first  room  (i.e.,  ^  0) ; 

Eq .  (46)  is  unchanged  but  the  analog  of  Eq .  (53)  is: 

(Pl-P3)A2+<P3-P4)A4+i5  =  P4“42A4  <« 


where 


A'  =  (P'  -  P')A  -(P  -  P')  A 

5  5  3  4  1  3  2 


This  value  of  A  is  computed  by  noting  that  the  momentum  flux  through  a 
5 

control  surface  embracing  both  rooms  and  the  outside  reservoir  is  zero, 


<P5-P3>  V45  +  <P3-P1>  A2  ■=  ° 

Combination  of  Eqs.  (69)  and  (70)  leads  again  to  Eq .  (64). 

Solving  Eqs.  (46),  (48),  (64),  and  (65),  we  find  again  that 


1/ v 

By  =  y  +  A 


where  x  and  B  are  given  by  Eqs.  (66)  and  (67),  but  now 


Y+1 
A  =  — 7 
o  Y“l 


)  , 

P  -  P'  A  P'  +  A' 

1  3  2  3  5 

2 

(1  -  a  ) 

.  +  - 

+  a  y. 

P'  A  P' 

5  4  5 

1 

A  P 

4  5  1/y 

a  =  — .  -  .  y  T 

A  p  '  y~ 

3  K3 


A  =  {(1-or2)  +  a2y} 

o  y+1 


Since,  ordinarily,  A  »  A  ,  and  y  <  1,  a  «  1,  from  which  we  conclude: 

O 

A  «  -^-7  (74) 

o  y+1 
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An  alternative  expression  for  A  in  Case  (2)  can  be  found  by  writing 
the  excess  force  on  the  wall  against  which  the  outflow  from  the  second 
room  is  directed  as  the  pressure  differential  across  the  duct  times  the 
duct  area: 


.// 

Substituting  A 

5 

stant  term 


A  = 
o 


A"  =  (P'  -P')  A 
5  5  3  4 


(75) 


from  Eq.  (75)  for  A'  in  Eq.  (71),  we  compute  for  the  con- 

5 


Y-l 

Y+l 


(76) 


which  for  small  Qf  becomes 


A  = 
o 


Y-l 

Y+l 


(77) 


In  Case  (3),  namely,  outflow  through  the  first  doorway  combined  with 
inflow  through  the  second,  conditions  in  the  second  doorway  are  computed 
by  solving  Eq.  (46)  with  u  =  0,  Eq.  (49)  and 

O 


PP  A2+<P3-P4)44=P4U4 


A 

4 


(There  is  no  excess  force  on  the  walls  of  the  first  room  hence  no 
correction  terms  appear  in  Eq.  (78). 


These  equations  lead  to  Eq. (5) ,  in  which 


P 

4 


In  summary  then  we  see  that  in  every  case  an  equation  of  the  form 
Byl/Y  =  y  +  a  must  be  solved  for  y.  This  equation  is  encountered  also 
in  the  first  doorway  if  Method  F  is  used.  In  Table  E-l  the  meanings  of 
y,  A,  and  B  for  each  case  are  listed.  Since  conditions  in  the  first  door¬ 
way  under  Method  F  are  independent  of  conditions  inside,  the  definitions 
for  the  first  duct  appear  separately. 
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MEANINGS  OF  y,  AQ,  AND  B  IN  THE  EQUATION  Bylfr  - 
WHEN  METHOD  F  IS  USED 
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In  Figure  E-19  results  of  a  calculation  carried  out  by  Method  F  for 
two  rooms  are  compared  with  measurement23  of  average  pressure  in  the  first 
room.  The  two  rooms  consisted  of  two  small  models  such  as  those  illus¬ 
trated  in  Figures  E-5  and  E-6  placed  back  to  back  with  a  connecting  door 
exactly  like  the  outside  door.  The  experiment  was  performed  in  a  shock 
tube  in  which  the  wave  struck  the  first  doorway  head-on.  Also  in  Figure 
E-19  appears  the  result  of  a  calculation  treating  the  whole  volume  of  the 
two  model  rooms  as  if  it  were  in  a  single  room.  In  Figure  E-20  measured 
and  calculated  results  for  the  second  room  in  the  model  appear.  At  least 
in  this  one  example,  all  three  calculated  pressure  rises,  i.e.,  in  the 
first  room,  in  the  second  room,  and  in  the  whole  volume  of  both  rooms 
treated  as  a  single  room,  are  quite  similar  and  there  appears  to  be  no 
advantage  in  using  the  complicated  procedures  for  computing  the  fill  of 
two  connected  rooms . 

The  calculated  histories  shown  in  Figures  E-19  and  -20  have  not  been 
carried  beyond  the  time  of  equilibrium  between  inside  and  outside  pres¬ 
sures  . 

Figure  E-21  shows  pressure  history  calculated  by  Method  D  ignoring 
the  wall  between  rooms.  For  this  calculation  the  discharge  coefficient 
has  been  set  equal  to  0.7  on  inflow  and  1.0  for  outflow. * 

The  outside  pressure,  in  Figures  E-19,  E-20,  and  E-21,  labeled  input 
history,"  was  measured  as  a  pressure  on  the  front  face  of  the  model  simul¬ 
taneously  with  the  measurements  of  interior  pressures.  The  short-lived 
reflected  wave  does  not  appear  in  these  external  histories. 


IV  Openings  into  Different  Pressure  Fields 

The  detailed  calculations  of  inside  pressure  history  considered  in 
Section  IIB  above  can  easily  be  extended  to  the  case  of  simultaneous  flow 
into  a  single  room  through  several  openings,  each  of  which  is  exposed  to 
a  separate  outside  pressure  history.  This  situation  will  arise,  for  ex¬ 
ample,  when  a  nuclear  blast  wave  sweeps  over  a  building,  striking  one  of 
the  four  walls  head-on,  two  side-on  and  exposing  the  fourth  to  the  wake 
of  the  wave.  If  the  burst  is  above  the  ground  and  the  roof  is  in  the  reg¬ 
ular  reflection  region,^  the  roof  will  be  struck  partly  head-on;  other¬ 
wise,  it  will  be  struck  side-on.  Head-on  impact  produces  a  strong  but 
brief  reflected  wave  followed  by  a  quasi-steady  wind  and  an  associated 


*  CAVFIL,  a  FORTRAN  program  written  at  IIT  Research  Institute,  was 
used  to  make  the  computation 
t  See  pages  109-115,  Ref.  1. 
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OVERPRESSURE  (PSD 


FIGURE  E-19  COMPARISON  OF  OBSERVATIONS  IN  THE  FIRST  ROOM  OF  A  TWO-ROOM 
MODEL  WITH  CALCULATIONS  BY  METHOD  F 
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OVERPRESSURE  (PSI) 


FIGURE  E-20  COMPARISON  OF  OBSERVATIONS  IN  THE  SECOND  ROOM  OF  A  TWO 
ROOM  MODEL  WITH  CALCULATIONS  BY  METHOD  F 
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FIGURE  E-21  COMPARISON  OF  OBSERVATIONS  IN  TWO-ROOM  MODEL  WITH 
CALCULATIONS  BY  METHOD  D 
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strong  drag  force  superimposed  upon  the  free-field  overpressure.  When 
impact  is  not  head-on,  only  the  drag  and  free-field  overpressures  are 
ordinarily  taken  into  account.  References  1  and  3  contain  discussions 
of  methods  of  estimating  outside  pressure  in  these  cases.  (Reference  2 
of  Volume  1  of  the  present  work  gives  detailed  information  about  the  drag 
forces  exerted  by  wind.) 

A  head-on  blast  or  shock  wave  striking  a  wall  is  first  reflected  at 
the  surface  to  a  peak  overpressure  2  to  8  times  as  great  as  the  incident. 
This  high  pressure  lasts  a  relatively  short  time  as  rarefactions  from 
regions  of  low  pressure  at  the  sides  of  the  wall  erode  the  reflected 
pressure;  the  erosion  takes  a  length  of  time  called  the  clearing  time. 

At  the  conclusion  of  clearing,  pressure  against  the  wall  is  the  sum  of 
free-field  pressure  plus  a  "drag"  arising  from  the  flow  pattern,  which 
has  by  now  been  established  around  the  wall. 

A  wall  oriented  side-on  to  the  shock  front  experiences  no  reflected 
pressure;  and  sometimes  the  free-field  pressure  against  the  wall  is  re¬ 
duced  by  the  flow  past  the  wall.  This  reduction  may  be  accounted  for  by 
assigning  the  wall  a  negative  drag  coefficient  (although  true  drag  is 
of  course  exerted  in  a  direction  parallel  to  the  flow  and  is  completely 
negligible  for  a  more  or  less  smooth  wall).  In  our  numerical  example  to 
follow  we  assume  the  drag  coefficient  of  the  wide  walls  to  be  zero.  The 
pressure  against  walls  struck  completely  side-on  is  the  free-field  pres¬ 
sure  . 


The  wall  of  a  rectangular  building  opposite  to  the  wall  struck  head- 
on  (we  will  call  it  the  rear  wall)  will  always  feel  a  pressure  less  than 
free-field  pressure,  as  long  as  the  front  wall  stands  to  shield  it.  Here 
again,  the  drag  force  and  drag  coefficient  are  negative. 

These  principles  are  illustrated  quantitatively  in  the  numerical 
example  below. 


Numerical  Example  No.  6.  As  an  indication  of  how  the  foregoing 
general  procedures  may  be  modified  to  account  for  several  openings  a 
brief  numerical  example  is  presented  here. 

Consider  a  volume  contained  in  two  rooms  connected  to  each  other  by 
an  open  doorway  and  consider  each  room  connected  to  the  outside  by  a 
single  doorway ,  as  shown  in  Figure  E-22.  The  blast  wave  that  sweeps  over 
the  structure  will  be  characterized  by  a  free-field  overpressure  of 
10  psig ,  head-on  incidence  upon  the  opening  to  the  larger  room,  and 
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■positive  phase  duration  of  1  sec.  Standard  conditions  will  be  assumed , 

7 

i.e..  P  =  14.7  psia  and  p  =  0.0761  Ib/ft  .  In  the  front  wall  the  open- 
O  o  ^ 

ing  area  is  25  sj  and  there  is  a  like  opening  in  the  rear  wall.  Because 
the  door  between  the  rooms  has  an  area  comparable  to  the  area  of  each  of 
the  outside  doors,  the  presence  of  the  partition  will  be  ignored  and  the 
volume  to  be  filled  taken  as 


7  =  50  x  20  x  8  =  8000  cf 
6 

As  a  first  step  the  pressure  histories  outside  the  two  doors  will  be 
calculated,  according  to  the  procedures  recommended  by  Ref.  1.  Since  the 
first  window  is  struck  head-on,  there  will  be  no  time  delay  there  and  the 
peak  pressure  will  be  the  reflected  pressure  P^ ,  which  is  calculated  as: 


'R 


=  2 


P  • 

so 


7  P  +  4  P 
.  o _ so_ 

7  P  +  P 
o  so 


Here 


P  =10  psi  and  P  =14.7  psi;  hence 
so  ^  o  r 

P  =  25. 3  psi 


This  reflected  pressure  will  be  felt  in  declining  strength  for  the  dura¬ 
tion  of  the  clearing  time,  t  ,  which  is  estimated  as 

t 

a  c 


where  s  is  a  dimension  of  the  wall  undergoing  pressure  clearing  and  c  is 
sound  speed.  In  this  case 


a  =  (Y  p  / P0)2/2=  ( 1.4  x  14.7  x  32  x  144/0 . 076096) ^ *  =  1116  ft/ sec 


1/2 


and  s  =  20 


so  that 

t  =  53. 7  ms 
c 

As  an  approximation,  the  decline  of  reflected  pressure  during  the  interval 


0  *  t*  t 

c 
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is  treated  as  linear;  that  is,  at  t  =  t  the  pressure  PQ  on  the  first 

wall  is  simply  the  sum  of  the  free-field  overpressure  P  and  the  drag 

P^Q  arising  from  the  winds  behind  the  shook  front.  Since  during  the  time 

t  free-field  pressure  has  fallen  exponentially 1  from  P  =10  psi: 

0 ■  so 


p  =  p 
sc  so 


/  *  ' 

V-p 


-t  / 1 
c  o 


where  t  is  the  free-field  duration  of  positive  overpressure;  in  this 

case  t  =  1  sec  so  that 
o 

P  =8.97  psi 
sc  r 

Peak  drag  pressure  P^  is  computed  from  the  formula 


p  —  _ 

do  2 


( P  ) 

\  so) 


7  P  +  P  2 

o  so 


100 

7  x  14.7  +  10 


2.21  psi 


so  that  drag  pressure  at  t  =  t  is:1 

o 


■n  tj  /,  ^c  \  2  -2  t  /t 

Fdc  =  Pdo  V  -  —  e 

'  o ' 


Numerically,  this  is 

Pdc  =  1  ^  Ps i 

Therefore  the  pressure  outside  the  first  opening  at  t  =  t  is: 

P  =P  +  P,  =  8.97  +  1.78  =  10.75 
c  sc  dc 

and,  assuming  a  linear  fall  from  Pg^  to  P^,  for  0  =£  t  <  tQ,  pressure  P 
outside  first  wall  as  a  function  of  time  becomes: 


It  -  t) 

P,  =  P  +  - ~T -  (PD  -  P  ) 

1  c  t  '  R  a' 


For  the  remainder  of  the  positive  phase  duration,  outside  pressure  at 
the  first  opening  is  simply  the  sum  of  the  decayed  side-on  pressure 
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P  =  P  II  -  ±\  e-t/t:o 
s  so  \  t 
o 


(80) 


and  decayed  dynamic  pressure 


Pd  Pdo 


(■-t) 


-2t/t 
e  o 


(81) 


so  that  for  t  >  t  >  t 
J  o  c 

P=P  +  Pn  (82) 

Isa 

For  the  first  wall  a  drag  coefficient  equal  to  +  1.0  has  been  tacitly 
assumed  above  but  for  the  second  opening  this  coefficient  will  be  differ¬ 
ent  from  1,  and  according  to  Ref.  1,  a  value  of  -0.4  can  be  assumed.  At 
the  rear  opening  there  is  no  reflected  pressure  and  the  delay  is  equal  to 
the  time  taken  by  the  front  to  traverse  the  building  (assuming  that  the 
opening  is  already  open  upon  blast  arrival  or  that  it  is  immediately 
forced  open  by  the  blast).  Blast  front  speed  can  be  found  from  the 
formula 1 


^  -  P  -  P 
.  y  +  1  so  0 

T  2  P 

o 

where  cq  =  sound  speed  in  ambient  air,  i.e., 

cq  =  | y  Pq  32  x  144/p Q)  1/2  =  1116  ft/sec 

Pence, 

/  2  4  10  \  • l/2 

U  =  1116  x  (!  +  yj  x  jfj)  =  1148  ft/sec 

so  that  delay  at  the  rear  entrance  is  yyy  -  43.5  ms. 

Beginning  at  t  =  43.5  ms  the  room  starts  to  fill  through  the  rear  opening. 
(Outflow  through  openings  other  than  the  first  can  ordinarily  be  neglected 
during  the  delay  period:  either  the  other  openings  are  closed  to  the 
blast  for  a  certain  period  or,  if  not,  the  blast  travel  time  to  them  is 
much  shorter  than  the  time  required  to  start  outflow  through  them. ) 
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Filling  through  the  rear  opening  takes  place  however  from  a  reservoir  at 
lower  pressure  than  that  outside  the  front  opening ,  i.e. ,  outside  pres¬ 
sure  P,  at  the  rear  is: 

Ir 


0.4  Pd 


(83) 


The  decline  in  Pg0  and  Pdo  that  occurs  while  the  blast  front  travels  from 
front  to  rear  opening  is  negligibly  small  and  can  be  safely  neglected  for 
buildings  of  ordinary  size. 

For  this  sample  case,  the  quantities  Pj  (pressure  outside  the  front 
opening)  and  P ^  (pressure  outside  the  rear  opening)  have  been  calculated 
as  functions  of  time  and  plotted  in  Figure  E-23.  The  figure  shows  the 
discontinuity  in  the  derivative  of  P ^  with  respect  to  time  at  the  point 
(tQ,  P^)  when  the  reflected  pressure  is  assumed  to  disappear  and  the  out¬ 
side  pressure  takes  on  its  quasi-steady  value. 

Also  plotted  in  the  figure  are  inside  pressure  histories  P7  calculated 
by  two  methods:  the  greatly  simplified  procedure  given  in  Section  IIA  of 
this  report  and  the  step-by-step  Method  F  explained  in  Section  IIB.  In  the 
first  of  these  two  procedures ,  the  estimated  history  is  given  by  the  line 
segments  ODFG  obtained  as  follows.  When  the  blast  arrives  at  the  front 
opening ,  filling  immediately  begins  along  line  OA,  where  point  A  is  the 
intersection  of  the  outside  pressure  history  and  the  abscissa 


t  = 


8000 
2  x  25 


=  160  ms 


Line  BC  is  a  similar  line  representing  filling  through  the  rear  opening, 
beginning  after  the  delay  time  of  43.5  ms.  Ordinates  under  the  line  BC 
have  been  added  to  ordinates  of  OA  to  produce  the  line  BE.  Since  areas 
of  both  openings  are  equal,  the  point  F  is  placed  halfway  between  current 
outside  pressures  outside  the  front  and  rear  openings  and  the  decline  of 
P ^  represented  schematically  by  the  line  FG. 


The  step-by-step  calculation  results  in  the  curve  labelled  "Method  F" 
in  Figure  E-23.  Because  of  the  high  reflected  pressure  during  the  interval 
0  ^  t  5  t  (which  does  not  influence  the  results  of  the  simplified  method 
in  this  example),  the  more  careful  calculation  shows  a  faster  build-up  of 

E-102 


PRESSURE 


FIGURE  E-23  ILLUSTRATIVE  EXAMPLE 
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room  pressure  than  the  line  ODF.  To  demonstrate  the  method  the  first  step 
of  the  stepwise  solution  will  be  calculated  below.  In  this  sample  calcu¬ 
lation  the  reverberation  time  tj  (Eq.  (SO))  is  assumed  to  be  zero  for  sim¬ 
plicity. 

Since  the  least  sound  transit  time  across  the  room  is  approximately 
20  ms  we  will  choose  a  value  of  At  =  5  ms.  At  t  =  0  there  is  only  one 
opening }  that  in  the  front  wall.  Outside  pressure  there  at  that  time  is 
PR  =  25.3  psig.  Inside  pressure  P^  =  Pq  =  14.7  psia  and  density  is 
=  po  =  0.002378  slug/cf. 


1.  P1  =  25.3  +  14.7  =  40.0  psia. 


2  _/ Pl\1/y  _  (40. 0\  1/1.4 

2 *  Pl~\Pn)  Po-\lT7) 


(0.002378)  =  0.004861  slug/cf 


3.  P2  =  0.1912  P2  =  (0.1912)  x  (40.0)  =  7.65  psia 

tP2\  1/y 

4.  9 2  =\p“j  P3  -  (0.307)  x  (0.004861)  =  0.001492  slug/cf 


r  2  2  y 

s-  u2  ‘  tPj  \ 

ft* 


(fi. 

h] 

2.8 

i  40.0 

7.65  \ 

'  Q1 

0.4 

\ 0.004861  " 

0.001492  1 

144  =  3.13  x 


6.  Since  P^  >  P':  u 2  >  03  i.e.3  flow  is  inward.  Were  P ''  >  P^3  u 2 
would  be  negative. 

7.  Am 2i  =  u^  A j  At  =  0.3298  slug. 

l^3l\  2  2 

S-  %ore=\-wj  /2?3A1  =  ™.0  psi 


9.  LWS1  = 


P1  ^31 


(Y  -  1\ 
V  Y 


1\  p. 


(40  0) (0.3298)  x  144  =  2'36  x  1Q6  ^  w 
Yj  (0.004861) 
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10.  Since  the  rear  opening  is  closed  at  this  time: 


M32  LW32  ° 


Were  the  second  opening  available s  Steps  1-9  would  be  repeated 
using  initial  outside  pressure  at  rear  opening  to  calculate  A 


and 

AW„„ 

32 

=  A 

+  Am,. 

=  0.3298 

3 

31 

32 

*w3 

=  m n 

+  LW32 

=  1.36  x 

•7*  p  _  □-*  i  (J  ~  V  AW2  _  ,,  -  .  (0.4)  (1.36  x  1QW)  _ 

12,  P3  P3  +  V -  14,7  +  8000  x  144  15,17  pS 

6 

( room  pressure) 


Ljn  7.  n  7  0  QQ 

14.  =  p'  +  -y—  =  0.002378  +  ■  :q'qqq  1  =  0.002419  slug/cf  (air  density 

3 

in  room) 

15.  P'  equal  to  P $ 

and  p'  equal  to  p^  and  return  to  Step  1  with  value  of 
P^  at  t  =  At  =  5  ms 


V.  Computer  Program 

The  time-sharing  computer  program  listed  in  Table  E-2  will  calculate 
and  report  average  pressure  inside  an  open  room  exposed  to  a  nuclear 
blast  wave.  Dynamic  pressures  of  winds  entering  the  room  and  translation 
speeds  of  objects  caught  in  a  jet(s)  may  be  obtained  also.  The  program 
is  interactive  or  conversational,  that  is,  the  user  provides  necessary 
input  data  by  typing  responses  to  questions.  A  sample  input  and  output 
listing  is  shown  in  Table  E-3.  The  user's  responses  are  underlined. 

Provision  is  made  in  the  program  for  a  maximum  of  eight  openings 
into  the  room  from  the  outside;  delay  times  between  wave  front  arrival 
(at  the  blastward  face  of  the  room)  and  the  start  of  flow  through  the 
opening  must  be  applied.  Delays  will  be  caused  by  shock  travel  time 
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Table  E-2 


COMPUTER  PROGRAM 


Q 

U 

H 

<Z 

O 

S 

z 

Vi 

3 

X 

X 

< 

H 

X 

X 

o 

J 

w 

X 

H 

< 

* 

s 

> 

o 

o 

X 

A  • 

3 

H 

u 

®  M 

ri 

* 

• 

H 

Z 

24 

N 

CM 

M 

10 

*  W 

X 

® 

1 

o 

A  ♦ 

Vl 

Vl 

hi 

V 

•  vi 

w 

X 

X 

x  : 

•  £ 

-  X 

•f 

X 

M  A 

CM  u 

i  3 

H 

® 

u 

H  O 

»  V  M  Oy 

Z 

X 

^  « 

u 

T  A  ®  v  \ 

u 

» 

O  A. 

i  vi 

IS  •  c 

L  +  A 

M 

w  ®  o  V 

U  X 

e> 

Vl  IS  V) 

X 

S  W  HU 

o  % 

cy  w 

X  ~  V  ffi 

X 

a  a.  i  h 

4  X 

o  II 

v  A  S  1 

u 

®  +  w  i 

®  4 

1  H 

A  •  ~  X 

® 

vi  ®  x  • 

-J  T. 

•  IS 

O  M  ®  ffi  ^ 

U 

O 

X  X  X.  - 

2  H 

M 

*  »  Vl  w  ® 

X 

M 

*  *  hi  ~ 

£0 

u  % 

N  a 

•  is  X  *  ®  o 

M 

z 

•  •  *  * 

M 

>x 

co  m 

cm  w  *  in  i  v 

• 

®  -N 

% 

® 

•*  ~  ~ 

® 

o  ID 

ii  n.  m  is  x  a 

o 

®  • 

M 

M 

♦  v»  O  O 

s 

n 

N 

Vi  is  IS  +  v,  m 

o 

x  <0 

M 

H 

®  *V  H  H 

H 

X  u 

~  i3 

a.  *#  +  Vl  •  vy 

o 

X  V 

A 

®  < 

X  ®  N  N 

S 

®  £ 

# 

is  *  ®  ffi  ■*  > 

M 

II  • 

o 

H  X 

o  *  Vl  o  o 

o 

H  M 

IS  • 

«  CL  IS  4  U 

V 

®  — 

M 

s  u 

CM  •  X  H  H 

O  H 

V  CM 

Mk  rs  O  w  M  Z  x 

z 

10  •  V/ 

A 

3  ^ 

*  i  i 

O  M  U 

•  H 

cm  m  w  *  *  m  o 

CM 

M  M 

(SO* 

H 

A»  Q 

Hv8  t  • 

O  H  >  * 

msOIDqID#®®3# 

3  H 

XU# 

O 

z  *  w  -  ~  < 

H80.V  v( 
1  X  W  «  *  «  ( 

t  a.  x  m  ®  © 

i  ^  #  •  vJ  O  ( 
-in  •  cm  x  x  < 
3  J  01  N  H  Hi 
.  w  u  »  O  O 

:  x  x  o  vi  o  < 
«  m  i  o.  a.  a.  i 


-  m  *  #  x 

•  •  #  4 

: 

»  H  •  m  *  * 
>  Z  I-  H  H  H 

-  M  2  X  Z  z 
I  —  w  4  m  m 
'Hit  I  XX 
!ZnF|UI. 


II  O  *  X  N  ®  ~  I 

CU  *  #  •  ®  ®  < 

OnCHOWIH 
o  •  —  #  w  x  x  < 
o  •  n  n  «  l 

m  4  +  —  cm  h  s  —  i 

If  .  O  •  N  m  | 

—  —  ii  ii  ®  x  ®  ®  i 

H  «  in^Q.011 

zouocDa .  x  x  c 


,  z  •  •*  220  - 

%  4  w  *  %  •  h  >  o  #  cm 

—  »  O  w  m  •  V 

H  a  O  II  3  II  II  II  •*  *  X  W  H 

1  h  n  II  «  2  h  T  «  CD  •  3  H  I  O 

v  a  01  h  m  X  •  CM  4  Q  m  Q 

1 1*“  >  m  4  H  CO  60  «  O  II  O  U  h  II  H  II 

i  Uvhz  -0«®ll3»HwH 

§K0Jw®8®wNO|-<I-,CII».Q 
h  (3  <1  U  o  Q  O  >-«  X  H  H-  O  O  m  Q 


o  —  <S>  CD 

H  -  H  IS  H  ®  - 

»  ♦  2  a  M  O  If 

m  H  OL  a  O  M^Q 

o  a  ®  *-  q  a  nox 

o  •  oh  urn  —  m  • 

o  cm  vw  -o  •  *  «  w  -* 

•  X  ^  m  H  aa  —*  Z 

O'  I  H"  h\  O  IS  ♦ 

HO  n  m  —  fr.  •  O'  O  Ol 

®  o  a  ®  x  H  i  0'-o^xwx»-' 
HOnHSHII  w  II  II  ~  II 

~H  HHO®X®OOXm 
SU.QQViQIQhQI£hm 
OnOOmQ 


>o  co  r-  co  O'  o  —  <N  «~ 

M  M  M  CO  W 

oooooooo 

oooooooooooooooooooomooooooooooo‘noooooooooc\i^r'Ooo*-wco^in'or- 
O'O-oio^ifl'OMixhO'-oin^in'OMocoo'O-ojn^in'OMoao'O-oio^in'OftototooD^oooooooo 
in'O'0>O'O'©'O^'C'O*of~i'-r-r-^t,“i,fcf'“t-r-«-(DCDK)co®coooK>ooeocco'O'O'O'O'O'O'O'O‘O'O'O'O'  —  —  —  ~ 

id 

x 

3 

w  w 

vi  m  • 

u  ~ 

oc  i  • 

x  o  <n  •  u 

m  H  hi  hi  Vi 

U3  X  X  O  */I  J 

o  j  o  h  <iaa  :  2  x 

4  m  >  X  4  O  X  /s 

X  X  W  ®  •  X  a  Z  •  X  • 

U  ®  X  H  O  MX  X  X  ~  W 

>QUia,UU  «  z  co  a  X  ~  •  Vl 

<C  X  4  “*3  >  —  hi  •  <9  •  UJ  I 

%~h  x  q  hi:  u  m  < 

X  hi  >-  O  Z  H  Z  ®  z  V>  ~  •  Vl  J  X 

sjzumm  «  :  <t  j  <n  ui  j  <c  • 

®4X  v)  z  :  x  :  3x3  <i  u. 

>-  Z  X  m  H  Q  m  CO  ~  O  01  15  x  ~  x  x  •  x 

xm  nxa.3  vi  <t  is  x  •  h  •  ® 

®  Vl  Vl  hi  C3  z  z  Xhi%M*s  H  •  X 

H  4  O  3  X  a  4  w  —  Vl  Q  X  3  w  X  Q  • 

vi  <t  <t  ®  ^  :  x  x  _  x  x  u  ®  x  ®  u 

m  X  X  O  CM  ^HlSl5®Vls*V>  HhJ  *3 

X  Z  *3  m  Q  *  X  Z  Z  X  hi  W  •  3  X  •  hi  X 

«-«3HZaD~:o  hi  MM  a  hi  hi®  3  U3H 

ill  X  IS  •  U  hi  v  ®  *•>  N  X  I  z  Z  ~  ®XbJ  3  V)  3  X  • 

hHKZU  <1  ^  <t  cn  ®  <*s  hi  Ul  H  O  3  Vi  X  h.  VI  XHv 

3mX®">Q«HmU>  x  u.  X  X  x  Vi<  H  ®  hi  H* 

X3h®0QZ'nCO3<'V)3  tfi®®^  ZViX  •  X  «wV3 

X  KS8OJ8C0Q.  J  H  %*  9  hi  X  ^  VJ  X  so  H 

5  Z  hi  VO  «  0.^  v  v5  5  X  X  hi  m  X  hi  Vi  O 

U®>XZhIinH%>  w  z  O  o  O  O  H  X  hi  H  3  Z  hlhlhl 

h«8<I0Qv  jaWUI  wZ<<Z  <£  X  >  _J  J  ®  XXX 

8  H3  H«®XXH  m  U  hi  <  t  UUm  z  3  ®  33X 

H3V>zhl«'OvH3H  VIZ  H  /-»  ®  >  H  ®  >  X  WVihl 

aiHjoH^  jot  bid  h  :  o  hi  x  H  vj^tn  j  ®  m  vj  vj 

ZMVi_l3®%OA'ViViA'ZXA'®<^MZZ  Vi  V)  Z  h.  hi  hi  z 

<K<<ViX  *  in  *  CO  hi  Z  x  M  ®Ztfc  Z  O  m  w  X  O  ®  h 1  U  ®  X  X  ® 

X  X  M 
H 

hi  O  <C 

Q  -I 


V)  z 
O  hi  I 

__  _ _ _  -  _  Z  X  ^  l_  _  _  _  _  _  _ 

<K<<V3X«m^®hl  z  X  M  ®ZX  zOmw  X  O  ®  h 1  U  ®  X  X  ® 

gHJ  JHIO  X  □  O  z  *2  ^  «  *®JX3hl  X  X  M 

Vi  ffi  (J  ®  O  «  ®  >  X  Q  w  Q  X^UZK^ZZh)  Ii,  K  D  _|  2  hi  H 

®m  a:  u  u  m  f  v  iii  xozOmhz®%z  Xmx  <  h  z  u  o  <r 

x  a  x  ®  x  w  _j  z  x  x  x  u  s  <*®32«mmm  viox  ®  >  u  m  a  m  j 

X  <L  XHOaaOm  m  Z  UmOZXmHnHXO  ffi  i  m  z  V] 

uiwju]®,n^»<  <  3  u.  n  ^  n  «  m  x  %  x  z  x  o  vi  <c  z 

z  X  -J  J  70  JO-'  «J  s  X  m  z  M  Z  M  o  %  3  U  VHil  ®  <  J  U  H  Z  « 

<303«JZ-Ja0®H  H  ®  ®^S«M^M^Z  ®XX  M  u  3  O  3  >-  X 

K(03I<<  «OI)Ow  z  Z  >  X  ssmm  ^zmm  OQX  H  X  ®>  ®  O  H 

H  Vl  z  Z  o  o  J  V  n  Q  B  X  W  M  H  %  >.  CM  3  w  X  O  <  X 

XU  >-  ®  O  i  HO  n  m  z  CD  <  »<tA<  ,£><t  O  «  v  x  «H  ®U  •  H  H  H  H 

®X<CZA4«*M  OD  m  ®  S  ZZUnUmJhEUU  <£  X  C  S  3  02  HH  O  Z  •  •  •  Z  Z  Z 

xx  <CHXX«]ZZZ  Z®s  *Mttv8wuiv  ®  X_J  X  X  U  Vl  O  O  O  3  Z  04  *UUU4  <  <t 
x  <  o  Q®<®<xxnz3<4_jzo<rooooooxx:  ho3  —  ®mm03cm  o'WMwsinjirs'O 
uoszjo  j  m  m  i  o.t  oci  >xz:  wr  v  :  v  :  w  :  h*  :  ox  -  x  j  is  :  h  —  i  jmo'jjjx  ji  j:  j 

m  x  X  ZZ8UZ2  HHHHHHHHHHHHHHHHHHHHHHHHOHHMh*HMHH®OXXXHHHHHH 
Hi  VI4HZmQUz3z3Z3Z3z3Z3Z3Z3Z3z3Z3Z3HZ3jZ3HZ3HH  •  •  •  Z  3  Z  3  Z  3 
UZl0(9KUX(0t£  mQl.mIX.mO.mX  m  XmXmXmXmQl.mXmXmX  N  m  CL  ^  m  X  KhX  H  II  H  N  m  ft.  m  ffi  m  X 

<>2zhx®®*-»sxzxzxzxzxzxzxzxzxzxzxzxzoxzxxz«-*xz®mcm®^xzxzxz 

XOMM  OjOOffiMft.MXMXMft.MXMXMffiMffiMXMXMXMHXMMXMHXMlSH_ JJjXMffiMffiM 

hljzhiw 
H  O  J  hi  x  hi 

z  z  m  x  ®  vi  com 

M  4  X  ®  W  3 

o  a  o  o  o  o 

OMCuco^inoooooooooooooooooooooooooooooooooooooooo  o  o  o  o  o  o  o  o 
ooooooMfti«o4m'or*wo'0  —  CMO^m^HttOHO  —  wco4m><jf*®^OMCM<otrm>or'®0'OMCMco^m>oi^® 
—  m  —  m  —  MM*.MMCMCucMCMGicMCMQ}GiCM(f>on®co(Ooncoco4,^>^>44^^5r44mmmmmininmm 

E-  106 


•hhhhhhhhhhhhhhhhi 

:3Z3Z3Z3Z3Z3Z3Z3Z: 

>XMtLMft.MffiMffiMffiMffiMffiM( 

:zxzxzxzxzxzxz  xzx; 

.mQ.m|1>hXhXm|Lh(LmXh(Li 


•  H  H  H  H 

o  5  iitiuuii  |  < 

I  O  3  CM  CMflWW3ini^3'fi 

.Mi  jmo'jjjx  Ji  j:  _1 

•mHH®OXXXHHHHHH 
IHZ3HH*  •  •  Z  3  Z  3  Z  3 
.HmX  H  n  H  HMffiMffiMffi 

:«xz®mcm®i^xzxzxz 

iHXmISHJJJXmXmCLm 


Table  E-2 


(Continued) 


cu 

o 

* 

# 


0. 

V 

® 

CO 

CL 


® 


0 

O 

* 

# 


X 

V 

® 

CO 

a. 


* 

* 


o 

CO 


® 

H 


3 

Z 


>  ( 
Ul  L. 
x  a 


0 

* 

H 

* 

co 

¥ 

• 

0 

• 

N 

• 

X 

SA 

* 

3 

0 

H 

0 

• 

H 

* 

NA 

H 

SA 

AN 

H 

3 

w* 

s 

7 

N 

# 

■V 

w» 

J 

® 

* 

U) 

& 

X 

AN 

X 

® 

CO 

• 

X 

AN 

AN 

> 

*•4 

7 

fi 

H 

M 

S  H 

X 

> 

® 

SA 

J 

0 

m 

a 

0 

O 

a 

r 

a  a 

X 

0 

X 

(0 

«k 

0 

SA 

® 

H 

3 

M 

X 

* 

Q 

S 

*  Q 

# 

> 

3 

X 

O 

•0 

<0 

X 

O' 

< 

T 

* 

0 

¥  * 

co 

N. 

* 

• 

z 

«s 

N 

0 

0 

X 

<0 

0 

s 

“0 

A* 

5 

AN 

1 

a  an 

0 

X 

AN 

Q 

N 

H*  Z 

0 

N 

0  0 

V 

UJ 

N 

# 

in 

a 

X 

a  — 

NA 

fi 

• 

Z 

AN 

0  *H 

-o 

AN 

0  0 

—  0 

O' 

z 

7 

AN 

>o 

« 

a 

*  A 

V 

♦ 

AM 

<E 

O'  H 

3 

AN  _J 

CO 

®  X 

CO 

CD 

0 

0 

z 

a 

71  v 

z 

® 

1 

• 

^  a 

® 

H  Z 

AM 

J  •» 

® 

CO  x 

X  —  1 

0 

•M 

0 

0  ®  ® 

© 

NA 

O  NA 

& 

CO 

CD 

0 

*»  0 

X 

Z  % 

•V 

w  -5 

h-  ® 

X  ®  X 

0 

0 

m 

0 

3 

O  x  H 

M 

< 

♦ 

»-t  <£ 

X 

a 

s 

NA 

0*  ,•  * 

• 

»-4  AM 

AN 

•  0  NA 

H 

rt  x  »  —  0 

«  X  W 

UJ  * 

3 

“0 

O' 

w  • 

m  x  ® 

CO 

* 

VJ  * 

fi 

*  UJ 

X 

♦ 

• 

AM  Ul  M  (h  U 

® 

x  n 

AN 

0  a  0 

•  Ul  ®  B  x 

x  x  <0  ♦  - 

O'  x  # 

3 

AS 

: 

t 

O' 

H  O 

NA 

f  O 

n 

z 

r 

O  z 

Q 

—  3  ® 

X 

® 

H 

NA  3  «t  HM  AM  3 

CO  H  x  J  J 

n  co  n 

0  3  0  0  3 

*  N  N  O' 

6  \  f 

z  0 

X  N 

0  AN 

N 

0 

0  s 

N  S 

0 

♦ 

-  z  CO 

n 

CO 

B 

X  co  1  Z 

X  H 

AS 

NA 

AN  ^  AS  <N 

HZ* N  AS  Z 

M  —  CD 

*-•  0 

H* 

H*  ® 

O  AN 

® 

3  OD 

AS 

0 

0 

an  a 

F 

X  •-»  X 

® 

X 

Z 

®  H  a.  1-  ®  M 

H 

U  II 

m  co  0  j 

as  w  n  p*  h 

X  CO  H*  CD  • 

0  —  N 

h5 

z 

Z  H 

m  x 

P 

N  J 

X 

M 

®  N 

V  N 

® 

fi 

*  H 

N 

0 

N 

• 

h  •  11  BHHHH 

AN  AN 

1  — 

Q> 

^®  sJJHJJH 

«  X  0 

Z  W 

M 

H  w 

t  na 

NA 

1: 

H  X 

v  X 

H 

H 

3  z  <  s 

B 

NA 

11  —  ®  N  z 

II 

"5  *0  w 

SA 

3  H  -0  w 

NA  2  NA  SA  Z 

0  k  ®  m  0 

X  M  0 

®  X 

X 

X 

0  0 

® 

S  x 

0 

& 

B  S 

0  5 

® 

n  s  CO  x 

CO 

X 

BP*HC0H*®B® 

SA  NA 

X  B 

X 

w®  wU. 

0  ®  X  X  ® 

a.  X  <5  "J  0. 

X  X  3  O 

M 

X 

X 

0 

3  0 

CD 

0  ~ 

O 

a 

cd  a 

0  a 

CD 

s 

3  0 

X  X 

X 

CDJZXHCDOHXI- 

*-4  a 

*■* 

O  W  Om 

0  O  »-*  »H  L> 

t- 

00 

'O 

0 

O' 

m 

* 

0 

0 

0 

O  O'  O' 

—  0 

CO  CO  0 

CO 

CO 

■0 

CO 

0 

m 

CO  O' 

^  —  O 

O 

00000 

000 

m 

0 

p 

0  0 

00000 

O 

000 

000000 

0  0 

0 

0 

000  —  ojaooaooooooo'nooooo 

<0  H  00  O'  O 

—  0  CO 

co  ^ 

m 

so 

C0  O'  0 

~  0 

CO 

m  0 

c-  CD  o>  0 

-  0 

CO  * 

m 

>o 

H  00  O'  O'  O'  O  - 

0 

COCTin'OH 

CO  O'  0  0 

a*  0  0  ^  m 

m  m  m  m  s 0 

U>  so  X) 

so  so 

'O 

'O  >o 

sO  'O  !**■  h*  r* 

HHH 

f-  r- 

CO  00  CO 

00  00 

co 

DO 

00  CO  CO  00  CO  O'  O' 

O' 

O'  O'  O'  O' 

O'O'O'OOOOOOO 

.  0  CVI  CU  0  <M  CM  CU 


s 

w 


<£ 

4 

o 

* 

o 

UJ 

Z 

b 

vj 


o 

UJ 


a 

® 

f 

Ul 


X 

V) 


* 

O' 


a 

* 

cu 


H  *"» 

o  o 

O  H 

2.H 

m  CD 

H  f~ 

N  na 
K-  U. 

H  •- 


CU 

sO 


B 

~  ^  O 

*  « 


Kv  A 

t  a.  x 

•  X  I  <.  - 

-U  v  1-4  < 

N  *  CL  *  « 

a  k  x  ♦  z  > 

a:  x  u  o  %  _j 

pc  x  x  a 

o  «  *  * 

H  5  s  o  an 

NOW  •  O  X 
hLa.omv 
Huh*  z 
n  a  vi  z  A  H 
a  a.  a.  2  S  I 


o 

o 

in 

an 

cu  B 


cu 

® 


H 
H 
•  ®  ~ 
HO.® 
CD  ♦  X 
*  ®  X 
>-  in  n 

a! «  - 

X  m  X 

hOlK 


c- 

-  s 


in 
—  U-O 
w  buhl 

o  • 

Q  UO 
H  R  t- 
X  w 

3  a  u. 

O  M 


0 

%  X 
O  0. 
CU  V 

*N  %  # 

•  O  o 
O  01  H 
#■*  h 

P  * 
I-  O 
•  H 


AN 

X 

AN 

N 

0 

0 

♦ 

® 

• 

X 

O 

• 

CO 

H 

♦ 

* 

«*  IMS 

X 

O 

0 

• 

NA 

• 

AN 

• 

H 

A 

O  H 

O 

H 

>• 

X 

•M 

H  X 

® 

#  «0 

AM 

2 

AN 

tn 

®  O 

P» 

X 

«  0 

X 

u 

X 

O  V] 

CO 

X 

BO  CO 

O  AN 

N 

X 

X 

«  X 

% 

w 

CO  S©  AN 

X0 

H 

» 

AN  AN 

m 

X 

B  0  B 

»o 

Z 

H  ■ 


x  — 

*-«  PL 


O  w 

X  na 

~  £  —  ®  fi  • 

®  ®  a  x  x  —  w 

ILOW-KO  K  4  OW 
K  +  rtkWk  +  A-  IJ 

UK  a  QIOVK4 

CU0.SUSUQ.w0.  MU.  » 

-  I  H  B  H  I  n  t  0  —  •  o 
®  —  u.  x  3  ~  ®  n  r 

ZnSQBQxS-ZttV) 

Q'Q.UUUUO.Q.a.KjD 


bl 
•  CD 
O  • 
N  H 
—  H 

a  ft 


a. 

5  3 
^  * 
X  — 
CQ  ® 

a.  x 
*  x 
o  n 

a 

3  Q 


St 

X  — 
H  — 
•  CL 
H  w 

CO  x 
-J 


St 

PL  ® 
X  CO 
—  ® 
O'  —  —  x 

CO  |  Q.  X 

•  ■  *  * 
o  ®  Z  H*  « 
N  H  3  CD  CD 
01  »«  N  N 

ou  ®  v>  <  m 

3  O  -0  <  03 


^  3C 

CD  X 

*  na 

#  N 
—  ® 

®  CO 
X  X 

51 

X  O' 

-  o 

—  O' 

X  • 

N  N 

Kl  >- 


B  X  H 

H  « 

0  B 
®  CD  CD 


~  <  < 
M  <  . 

•  w 

t-  a  I 

<D  1*1  C 

•  ; 

>-  J 

lai; 

M  O  I 


># 

NV 

®  X* 

CO  o® 
®B  XC0 
O'  xco  *® 

-  XX  HI 
w  (So;  — 
*o  ®  ®  —  •  »  — 
h  |_  co—  >-0  x 
—  XX  w®  « 
HS  H  R  XX  CU 
Z  CD  X>*  —X  X 


X 

X 


X 

X 

* 

AS 

0 

CD 

* 

» 

AN 

0 

55 


0  OH 

0 

'A  N  Q 

U.06  X 
mmCD  X 


o 

0 


s0  I**  O 

—  0  CO 


—  m 
co 


'O 

co 


o 

o 

CO 


OOOOOOQOOOOOOIAOOOQOOOOOOOOOOOOOOOOOO 
- -  - f^^INjO^QO-OICOf  *  ^ 


to  O-  O  —  0  co 
o  o 


n«HttO'00«*  0co#m'«H*®O'O  —  wo^m'OH«oo«oiotn'PH 
wcawwwcywwwciiNnncoonnnocoottt^fttt 


OOOOOOOOO  O0  ^NO  o  0  'O  'O  O 

*in*ia»QOO'O~0  coco  coco  ^  ^  5  ^  in 


O'  O  —  0  COCO  COCO  " 

^  m  in  in  in  in  inm  in  in  in  mm 


E- 107 


Table  E-2  (Continued) 


~  ~  cu  cu 
m  cu 

a  as 

»*r  h 
co  h 


?  a  •  • 

*  X  O  O  ( 
mum' 
«  J  J  J' 

****5 

w  «  «  M  I 

in  a  •  a  •  i 

♦  H  —  X  —  ' 


—  —  «o  *  *  cu 


A  '■A 

X 

X  H 

a  x 

CO 

A  W 

< 

3 

• 

< 

J 

w  >- 

A 

V  OT 

o 

o 

N  \ 

X 

A 

*  x 

a  <a 

H 

*  W 

a  h 

Z 

*  A^ 

o  X 

A 

H  I 

w 

z 

O  On 

_J 

Ul  A 

3  x 

n  x 

*-« 

z 

CD  01 

H 

A 

S  A  a 

N4  I 

*A 

■*  o 

z  05 

01 

X  •  z 

M  — 

A 

a  ON  A- 

V 

CO 

x  z 

X  O  <A 

A* 

Z  A  Ul 

a  u  v 

<c 

a  a  x 

—  Ul  X 

A 

«m  a 

N  X  a 

A* 

H  H 

s  c/>  <n 

o 

<  Z  Z 

s  x 

o 

J  Ul  w 

\  Jli. 

m 

c/5  i-n 

—  <  V 

A* 

zoo 

—  z  X 

H 

3  —  ui 

a  in 

A 

xxx 

X  A  *A 

A* 

H  X  Ul 

•  X  X  00 

a 

#  w  H 

a  —  a  m 

A 

«  a  z 

z  —  A  - 

o 

*  o  Ul 

A  *A  ▼ 

o 

X  o 

o  x  H  - 

in 

p  z 

Z  (Mi  a  • 

w 

cu  a  w 

M  AW\(0 

CO  A 

<3  S 

UJ  A  V  I 

O  CO  -S  ( 

~  _l  X 

J  A 

W  O  I 

U>  -  <  . 

Ul  a  v  4  •  1 

Z  CM  H  *  1 


Z  Ul  a  v  4  « 

zaz  X  Z  01  H  * 

X  H  X  X  3  -«  O  <  a  * 

II  a  X  H  0  H  t-Z^- 

5bj  nuz3z  x  * 

K(9XXQ:tilfiSHBh< 

2  z  z  u.  z  <c 

(D  Z  H  H  || 


*  moi» 

CM  CU  CU  O 


3  a  a:  x  <t 


Z  X  X  l  CO  i 

X  F  CU  H  o 
BNOZOHI 

u.  n  O'  z  : 

01  M  . 


X  >•  *0  I 

|  2  rl  Z  X 

o  •  —  a  -  □ 

i  —  cu  n  *  s  h  a 

►  01  V  N  *0  -»  X  # 

I  X  -  —  O  O  —  I  ~ 

♦  xxoomiA  o  —  < 

■•unooo'^H  <>  *  i 

:»flx>«-«»vz  •  »xo  •< 
II  J  J  M  H  M  -4  ©  O  wxo 
i  n  ill  h  n  jc  s  o  a  h  nan  a  hi 
IXOOZZOXXHXOHXX 


A 

N* 

xm 

■S 

ox 

O  A 

Ul 

a- 

z  a 

Q 

Ul  A 

-•  X 

—4 

X 

z  - 

cn 

nr- 

Ul  A 

z 

<  A 

X  X 

#-N 

a 

a  a 

X 

~  X 

A 

H 

H  •" 

x  m 

A 

</>  A 

C  x 

X 

XX 

<1  - 

H 

w  t— 

W  A 

A 

A 

X 

Ui  CO 

H  a 

u 

U1X 

<t  A 

w 

X  — 

a 

■  N  — 

~  Ul  X  Ul 
Z  Z  W 

•1  H  W  I 

*  H  W  — 

Z  X  X  w 

*  X  %  ~ 

X  —  X  NA 

*s-w 

n  a  a. 
x  w  ^  w 

A  CjJ  •  x 

cu  3  —  in 
oi  W  I? 

A*  >  A  — 

A  A 

^  X  B  w 

**luu 

H(«J  X  X 
Z  X  3  3 
w  I  V)  M 

a.  -  w  « 

A  —  Ul  U 
«  A  X  X 
—  XXX 
HO  X 
Z  CO  o  © 

W  A  —  — 

HO  «{ 

Ol  a  X  X  3 

On  55  w  A  >■  < 

H  O  Q 

•  H<U1  | 

HZ|«U; 

—  x  x  ®  *  . 

8a:«n-P( 

X  a  4  4  VI  ( 


►  o  o  o  o  o  o  < 
1  H  a  On  O  —  0M 

►  o  ©  o  —  -  —  « 

I  01  CU  CU  01  CU  CU  < 


On 

O  A 

w  X  * A 

X 

A 

N 

Ul  —  s 

X 

N 

X  A  V 

X 

CO 

■* 

3  A 

3  X  • 

a 

A 

• 

r* 

z  — 

O 

to  a  a 

X 

• 

•M 

Z 

>x 

u 

Ui  A  Z 

a 

•• 

3 

o  — 

V3 

U)  01 

< 

z 

Ul 

% 

w 

X  X  X  ^ 

♦ 

A 

z 

U  X 

W 

X  —  Ul  AS 

X 

X 

X 

A 

X  cu 

z 

A  H  X 

N 

IS-  Irt  X 

—  X  UJ  On  a 

H  <5  a  O'  — 

Ox  w 

x  m  a  ® 

4  W  a  H  v 

—  X  O  —  A 

N  W  —  S  H  AS 

\  »H  ©  z  M 

V  Ul  A  ^N  A  W 

•  X  *  -  H 

x  5  x  *  -i  *  a  . . 

j  —  ~  •  co  •-  ui 

3  w  w  w  I  H  CU  CU  3 

►  h  ui  h  a  a  *  .  z 

44CX<HZHOnHh« 

-zxzz  •  z  on  z  h 

^  K  X  &  H  V  M  M  Z 

>  a  m  a  xu.  x  a  x  a 

)X—U.X»-*XOXO 


>00000000001 
>  r^  oo  on  o  —  «  «o  *  a  * 
-  -  —  —  CUCUCUCUCUCUOM 

axwcucucucucuojcucuc 


a  a  +4  ui  x  io  — 

U  >  HaO«0  a 

x  a  cu  -<  a  ui  cu 
gzx  •w  —  z  • 

4  ..  OBHI-'O 
A  CD  —  X  3  —  H  X 

x  z  s  »  a  a  w 
m  —  v  a  x  x  x  ® 
-Z  Bxoinf  a 


:st3 

•  X  H  H 

:  a  x  « 

•  x  a  x  a 
)  oi  x  a  h 
.  —  a  x  «o 


4r  NO  H  a 

cu  cu  cu  a 

On 

ia  a  a 

SOOPOOO 
-NnfiA« 
innnnnnn 
I  CU  OJ  cu  cu  cu  cu  cu 


<  Z  10  X 

w  a  j  •  co  ; 

O  H  A  —  a  A 

WHO  A*  CD  01  1 

<C  ©  «  O  A  I 

ui  d  a  eo  *  *  — 
z  a  x  j  t  ai 
w  ui  cd  cu  a  oi ; 

H  J(9<XX| 
3U1Z<  j  +  v  « 

axSoaa*— i 

KrZ-vXlBX] 
OS  ZONHNwi 

53ioaaa-*oiX( 
nuu jxxxhi 

•J 


a  h  » 

-a  a  •  w  a 

*  ?  3  X  * 

:  i  a  x  «a  i 

;  a  H  H  a 
1  x  z  •  a  x 

W  *-*  I  X  O  A*  < 

x  x  «o  ■  a  x  i 
-«  x  -j  x  z  m  : 


<Baa 

♦  I 

•  —  CO  — 

—  x  ♦  ♦ 
■  W  z  Z 
-x  a  ■ 
x  M  z  z 


w 

OOOOOOOOOOOOOOOOOQO 

f*»ao-ac)4ift«hiro»o— wo4in 

cococo*  444  444444iflmiftininm 
cucucucucucuojcucucucucucucucucucucucu 


o  o  o  o 
a  h  a  on 
in  in  m  in 
cu  cu  cu  01 


E-108 


3140  IS  ao*o. 

3150  18  IFCX.GE.Xt)  G0T0  SO 

3160  IF<Y.GT.<.1577*X+BO/2.))G0T0  20 

3170  IF<Y.GT.BO/2.)G0T0  30 
3180  G0T0  40 


Table  E-2  (Concluded) 


u. 


X 

CO 


01 

X 


'O 

b. 


01 

* 

* 


X 

01 


X 

I 

X 


X 

N 

O 

10 


• 

* 

01 

ft 

<o 

01 

* 

01 

% 

* 

4* 

* 

• 

mm 

* 

X 

rs 

>o 

• 

03 

* 

* 

S4 

V 

• 

r* 

01 

w 

> 

b. 

01 

01 

# 

• 

% 

♦ 

# 

0 

* 

>• 

S 

♦ 

* 

1 

*S 

• 

% 

o 

01 

in 

* 

X  o 

% 

N 

in 

o 

r- 

X 

• 

* 

ms 

•  >  * 

M 

• 

o 

* 

* 

* 

* 

mi 

o 

>•  «  BO 

• 

X 

% 

o 

01 

O 

BO 

* 

O  ^ 

K4 

Ol 

*  V  4 

X  * 

« 

* 

01 

>0 

01 

0) 

in 

« 

oi  in 

H 

01 

O  *  — 

Z  b. 

* 

* 

• 

0 

UJ 

• 

1 

« 

X  X  0* 

■  « 

X 

UJ 

* 

o 

® 

♦ 

1 

®  — 

o 

%  «  BO 

V4 

1 

X 

Ol 

«0 

+ 

H 

ms 

• 

H  « 

mm 

01 

in  u  >-  « 

M  * 

1 

• 

1 

* 

»«* 

X 

mm 

S  ffi 

♦ 

01 

01  3  «  — 

X  — 

X 

>• 

M 

01 

X 

3 

* 

X 

-I 

H 

% 

z  o  * 

ml  ** 

* 

s* 

w 

X 

X 

? 

4N 

00 

1 

**  1 

* 

w 

O 

o 

H  MX® 

S  t 

l-> 

1 

1 

S4 

mm 

• 

o 

• 

QQ  —  • 

01 

H 

* 

BO 

Z  H  «.  ~  -J 

o  < 

•  o 

01 

OD 

• 

O  N 

O  O  X 

01 

• 

• 

mm 

ON  •  —  O  01 

H 

O  H  BO 

Hinzin  • 

z 

•  z 

o  o 

• 

w 

o  >* 

IM 

<3  O  ^ 

• 

H 

mm 

S4 

•»  >•  H  w  O 

• 

01  H 

*  o 

ms 

BC  <h  ®  01  O 

H 

H  K 

H  — 

H 

N 

n 

• 

It 

—  b. 

H 

o 

# 

a  o  w  - 

n 

>o  a 

* 

mm 

0-  ®  O  — 

X  -J  ® 

O 

ffi 

O  U1 

* 

K 

1 

o 

H 

CD  00 

• 

N 

o  ®  U1  •  * 

03 

<  > 

1 

H  • 

•  bu 

B 

o 

<  ® 

OL 

o 

N 

u. 

o 

OH  WO® 

s 

♦ 

♦ 

z 

_  ®  _  Z  > 

V 

~  H 

H 

a  h- 

>• 

V 

CD 

N 

v  O  h 

H  O 

>  X 

S4 

O  H  o  M  w 

mm 

w 

O  N  IS 

O  <  O 

n 

®  o 

u.  oi  a  o 

O 

H 

U. 

It 

< 

S  01  b.  It  B 
U«OhOU 

o 

B  O 

M 

II 

U. 

01  S  GO  K  U.  (Mi.  in 

oj  x  8 

P>  ® 

®  o  ^ 

M 

tei n 

«Ii.h 

u 

O 

3  — 

>  X 

H 

OIOBCLmbomOI 

E-109 


3  560  890  CONTINUE 

3570  895  CONTINUE 

3580  900  CONTINUE 

3  590  RETURN 
3600  END 


Table  E-3 


cocMCMCMOJco^mco 

oMno«»Mn^ 


r*r~r~t^t^'OvO'C'0 


COCMCMCMCMCO^incO 
OMnn-OvM/l^ 
•  •••••••• 

p-r^r^r-r-'0%ovOv£) 


cocMCMCMCMco^mto 

•  •••«••«• 

r-r'f-r-r-'ONO'O'i) 


SAMPLE  PROBLEM  LISTING  TO  SHOW 
TYPICAL  INPUT  AND  OUTPUT 


OOOOOOCOCO 


O  CO  CO 
co  r*  in 

•  ••«»*•• 

oooooonn 


<0  O'  CO  'O  CM  OO 
O  W  O  (h  ®  r*  to 

•  ••••••« 

0^^1(000(0 


OWNWOIOIOO 

•  «••••••• 


cocMCMCUCMO-qrmco 
r-  in  co  ~  osr-in-v 

•  •••••••♦ 

r-r-r~r-r~o%0'0'0 


CO<MCMCM<N<0<TincO 
a>^inro  —  ^r~in-«T 

•  •••••••• 

r-r*‘r~r»r-so%0'0'0 


UJ  OOOO  —  -  —  —  —  -  —  —  —  ~  —  — 

x  ooooooooooooooooo 

X  ♦  ♦♦♦♦♦♦  +  +  4  +  +  +  *  +  *  + 

UJUJUJUJUJUJUJUJUJUJUJUJUJUJUiUJUJ 
UJ  UOlT>'000‘i/0'OCVJ(,30NOf'CO'Op,‘00'0 

o  no  in  ««  in  co  —  coio  —  'OCU^O'Tf-oiA 

4-*  —  »o  —  tncococMt-CM'C*-ino,9'aococM 

V)  cv)'Vr-0'~  —  cMCUcoco^^’ininm'CX) 

z  •  •  •  •  . . . 

•-*  oooooooooooooooooo 


O  —  On  CO  'O  CU  00 
<0  CM  O  O'  CO  P-  m 

•  ••••••• 

011100(00 


CO  —  o  00  'O  C\J  CO 
O  W  O  O'  to  f*  uo 

•  ••••••• 

omoooo 


n  —  co  'O  cu  co 
co  cm  o  O'  co  t*  in 


cocucucu<M<o^inco 
osr^mco  —  ot-in^r 

•  •••«•••• 


OWOJWWO^IOO 
c>c~mco  —  or*m-<T 
•  •••••■•• 
f-r~t*-r*-p-'0>0'0'0 


ooooooooooooooooo 

ooooooooooooooooo 

I  ■P  +  +  +  4-  +  -f  +  +  4  +  +  +  +  +  + 

UJUJUJUJUJUJUJUJUJUJUJUJUJUJUJU1U) 

ooooooooooooooooo 
ooooooooooooooooo 
oomomoinomoinoinotnoco 
^•“"Wwnwi  <Jinm'0»ot,»i'»tcoc 

oooooooooooooooooo 


oooooooo 


O  —  o  oo  'O  C\J  CD 
O  C\1  O  O'  K!  M/5 


-WO^i/)'0f*®^O-W(’)1lrt'0P“B 


o  —  <MO<rm>or~oo 


o  o  o  o  o  o  o 
moifloifloifl 
o  ~  —  co  cm  o  co 

•  ••••••• 

oooooooo 


—  00  NO  ^ 

00  V>  co  ~ 


oooooooaocooo 


—  00  'O  <7 
CO  in  CO  mm 


O' 

•V 

nO 

o  o  o  o  o 

®  ®  CD  CD 

CM 

CM 

CM 

* 

h* 

CO 

m 

o 

CM 

CD 

m  —  r- 

—  oo  no  sr 

CM 

CM 

z 

MO  WO 

oo  in  co  — 

— 

* 

in 

u. 

*-< 

VO 

•  •  •  • 

% 

CM 

• 

(N. 

z 

0 

9 

9 

9 

9 

8 

8 

8 

8 

in 

CM 

co 

AS 

UJ 

CM 

• 

X 

— 

o 

m 

• 

UJ 

® 

% 

•» 

• 

1 

VJ 

o  v>  —  c-  n* 

-OD'O  1 

cc 

CM 

o 

co 

% 

_J 

H 

X 

o  r-  m  cm  o 

co  m  co  — 

• 

% 

« 

*N- 

o 

p* 

u 

m 

•  •  •  • 

ON 

CM 

o 

u. 

h* 

AS 

<t 

0 

9 

9 

9 

9 

DO  DO  00  OO 

CO 

* 

z 

Wl 

u. 

• 

H 

(N- 

• 

UJ 

— 

A* 

CM 

CD 

M 

<N- 

<N* 

AS 

U) 

* 

o 

z 

CO 

AS 

O 

AS 

VJ 

H 

r** 

CM 

CM 

UJ 

• 

in 

® 

• 

UJ 

J 

<c 

o  in  — »  r* 

—  OO  NO 

t* 

* 

«N 

0- 

o 

UJ 

(N* 

UJ 

V) 

<t 

00 

o  t*  m  cm  o 

cc  in  co  — 

P 

00 

% 

CM 

CM 

Q 

z 

o 

VI 

A» 

« 

(Si 

-J 

X 

p 

AS 

* 

CN» 

% 

CM 

<1 

— 

a! 

w 

UJ 

-J 

• 

r- 

CD 

0 

9 

9 

9 

9 

8 

8 

8 

8 

CO 

AS 

• 

CM 

X 

£ 

D 

« 

X 

• 

4-4 

-4 

CM 

00 

CM 

«* 

a» 

o 

CM 

»-» 

U 

X 

u 

• 

X 

(N* 

Vi 

O 

— 

CM 

(Si 

<1 

o 

• 

H 

o 

AS 

X 

o 

z 

% 

* 

x 

UJ 

JN- 

H 

• 

X 

o 

SA 

o  m  —  r-  -q- 

—  oo  >0  <* 

p*“ 

• 

m 

CM 

w 

V) 

A 

ac 

Z> 

w 

X 

® 

• 

3 

or-incMOooinco  — 

• 

X 

CM 

(N* 

o 

a 

a. 

o 

CL 

® 

u 

J 

Vi 

co 

AS 

H 

% 

o 

Q 

V) 

N/ 

UJ 

H 

UJ 

• 

3 

Vi 

Ul 

0 

9 

9 

9 

9 

B 

8 

8 

8 

o 

x 

m 

z 

z 

u. 

UJ 

(Si 

• 

3 

X 

• 

UJ 

X 

N 

X 

M 

<N* 

o 

UJ 

CM 

1-4 

4-4 

o 

UJ 

w 

UJ 

3 

UJ 

3 

l- 

X 

3 

As 

V 

X 

(N* 

z 

z 

/■N 

CL 

Z) 

(Si 

3 

X 

• 

VJ 

VJ 

« 

VI 

® 

AS 

UJ 

UJ 

H 

o 

o 

UJ 

CL 

U. 

<S) 

X 

H 

V 

w 

(SI 

1-4 

o 

X 

u. 

a. 

CL 

u. 

VJ 

to 

H 

UJ 

H 

• 

UJ 

oo  in  co  «— 

Vi 

3 

>0 

VJ 

® 

® 

N-/ 

z 

V) 

< 

• 

X 

• 

\A 

V) 

H 

X 

CM 

X 

_J 

UJ 

H 

V 

® 

Ul 

X 

w 

CO 

X 

VA 

W 

Z 

X 

o  o  o  o  o 

8 

8 

8 

8 

sa 

VI 

■M 

® 

X 

X 

UJ 

CL 

X 

UJ 

v< 

o 

Ul 

N/ 

•W 

Z 

O 

o 

o 

o 

H 

CL 

>• 

z> 

£ 

UJ 

UJ 

UJ 

Ul 

UJ 

co 

V 

z 

<1 

<1 

z 

o 

(L 

UJ 

J 

J 

X 

X 

X 

o 

a 

CL 

>- 

• 

M4 

UJ 

UJ 

<N« 

O 

UJ 

> 

Z 

<t 

3 

3 

X 

4-1 

4-4 

in  —  r* 

~  CO  M5 

3 

H 

o 

VJ 

z 

H 

ys 

® 

> 

1— < 

> 

X 

Vi 

Vi 

Ul 

X 

(Si 

r-inftjocoinco  — 

VI 

«*• 

CD 

UJ 

X 

H 

VJ 

VJ 

-J 

H 

Vi 

VJ 

X 

H 

— 

(Si 

VJ 

/■* 

z 

a. 

® 

<C 

*-4 

£ 

4—4 

Vi 

z 

Ul 

UJ 

UJ 

z 

UJ 

3 

6 

6 

6 

6 

0 

00  00  00  oo 

UJ 

Z 

x 

O 

® 

x 

O 

CL 

o 

v> 

UJ 

UJ 

<S 

X 

X 

® 

® 

® 

X 

UJ 

u 

z 

>- 

-J 

s 

z> 

UJ 

X 

X 

4-4 

o 

CL 

a 

w 

UJ 

X 

UJ 

£L 

z 

UJ 

U. 

UJ 

X 

Jl 

3 

UJ 

H 

a. 

o 

Q 

H 

® 

£ 

1—4 

c 

h* 

z 

UJ 

O 

<r 

z 

® 

x 

CL 

UJ 

® 

<c 

® 

Z 

t-4 

VJ 

u. 

u. 

> 

UJ 

o 

4-4 

-j 

® 

• 

z 

4-4 

4-4 

£ 

UJ 

O 

UJ 

f- 

U 

® 

ffi 

J 

1 — t 

£ 

VI 

G 

« 

3 

x 

<1 

o 

u. 

UJ 

o 

V; 

<1 

z 

H 

Z 

X 

-J 

® 

Ul 

z 

z 

O 

UJ 

UJ 

z 

<t 

-J 

UJ 

5- 

Z 

<1 

u 

H 

H 

® 

® 

® 

— 

— • 

z 

® 

K 

s> 

UJ 

< 

o 

3 

>- 

X 

X 

CD 

H 

Z 

Z 

> 

a. 

•— 1 

z 

•— 1 

u 

u. 

»-* 

CL 

> 

® 

Q 

H 

u 

Z 

(Si 

1 

2 

3 

4 

5 

6 

7 

8 
9 

UJ 

UJ 

UJ 

VJ 

H 

>■ 

o 

IL 

H 

X 

_J 

M 

o 

£ 

a 

<c 

<C 

< 

*: 

<T 

o 

L 

<E 

H 

UJ 

h- 

H 

H 

H 

U 1 

z 

Ul 

CL 

m 

® 

x 

UJ 

o 

-J 

£ 

UJ 

<t 

< 

X 

Z 

H 

z 

Z 

Z 

Z 

o 

u 

£ 

X 

£ 

® 

5 

CL 

® 

UJ 

Q 

J 

CL 

UJ 

D 

<t 

Z 

<1 

< 

< 

< 

o 

X 

4-4 

< 

« 

a: 

z 

<s 

_J 

a 

o 

o 

a 

CL 

a 

3 

•- 

3 

3 

3 

3 

s 

H 

E-110 


lo  «o 


to 

fs 


0*400  3*46  3.46  3.46  3.46  3.46  3.46  3.46  3.46  50.8  5.1  65.5 


Table  E-3  (Continued) 


co  cu  co  n  4  o)  oo  os  cu  cu  cd  r-  p*  O'  so  ~  r-  so  o  eu  in  r*  p*  <p  *  *  o  rmowoo  o-  m  o  cu  m  co  cu  co  cu  co  q  o 

—  i n  m  cj  o  «  -  o  «—  o  t  co  cu  co  q  >o  o  so  o  to  p>  q  p.  cu  co  otom-h  '©moo*-  q  co  —  o  cu  —  o 

co  o  in  rt  -  f  to i  —  o  co  cu  —  co  cu  cu  —  cm  cu  —  —  cm  —  —  —  —  —  —  —  —  —  —  —  —  — 


—  sO 

•  • 

in  p- 


in  —  s©  cu 

•  *  •  •  • 

o  cu  in  r-  o 


m  —  so  o) 
•  •  •  •  • 

o  cu  in  p*  o 


m  —  so  cu 

•  •  •  •  • 

o  cu  in  p-  o 


m  —  so  cu 
•  •  «  •  • 

o  cu  in  p*  o 


in  —  >o  cu 

•  •  •  •  • 

o  cu  m  p*  o 


m  —  so  cu 
•  •  •  »  • 
o  cu  in  p-  o 


in  —  >o  cu 
•  •  •  «  » 

o  cu  m  r-  o 


m  —  >0 
•  •  •  « 

o  cu  in  p* 


m  — 

i  •  « 

o  cu  in 


—  O'  <p  —  p*  to  q  so  01  »©  q  o  c>  cu  m  o  m  m  cu  O'  cu  cu  oo  m  cu  o  p«  p»  to  so  p*  o  co  m  cu  cu  so  p*  p*  o  m  cc 


co 

in 


Os  00  CD  ^  —  sO  O'  cu  oo 

O'  CO  sO  SO  O  O'  00  00  ^ 


co  t  omen  so  q  —  r-  in 
00000  —  —  —  00 


SO  q  cu  o  00 
cu  cu  cu  cu  — 


so  in  q  ou  o 
<0  to  co  to  <0 


p*  r-  m  q  co 

tt  ttt 


O  00  t-  SO  OOO 
m  in  in  in  p~  p*  so 


m  —  so  cu 
•  •  •  «  • 
o  cu  in  p-  o 


m  —  so  cu 
•  •  •  •  • 
ocumpo 


m  —  so  cu 

•  f  *  •  * 

o  cu  m  p-  o 


in  —  so  cu 
•  •  •  •  • 
o  cu  m  r**  o 


m  —  so  w 
»  »  «  •  1 

o  cu  in  o 


in  —  so  cu 
•  *  •  •  • 
o  cu  m  p-  o 


in  <-  so  01 
•  •  •  •  • 

o  cu  in  p-  o 


in  —  so 
•  •  •  • 
o  cu  m  p* 


in  — 

•  •  • 

o  cu  in 


00  in  m  m  in  in  cu  cu  cu  cu  cu 
•  •«•••  ••••• 

O  to  CO  CO  CO  <0  sOsOsOsOsO 

in  sosososcso  o-r*t»p-!^ 


^cocucuco^inr- 

COCU  —  OOCDf-'O 

COCOCOtOCUCUCUCUO 


qtocucucoqmi^ 
cocu—  OOODI-sO 
«*•••«•*( 
cocotococucucucuo 


qtotMaioqmp. 

cocu  —  ooeoP“'0 
•  •••••••• 

cocototocucucucuo 


qtoeucutoqi/>p>* 

tO  CM  —  OOODP*sO 


COCOCOCOcUOJCUCUO 


t  cowan^inp 

tocu  —  OOOQP^sO 


COCOCOtOCUCUCUCUO 


OOOOO  sO  >0  sO  >0  sO  cu  cu  cu  cu  cu  00000 
00  CD  CD  00  CO  —  q  q  q  q  q  SOsOsOsOsO  OOOOO 

eo  co  00  00  co  00000  —  —  —  cu  cu  cu  cu  cu  neon  wo 


so  so  so  sC  so  to  CO  to  CO  OOO 


•  •  • 


CU  CU  CU  N 
in  in  >n  m 


in  in  in 
>0  sO  sO 


* 

# 

* 

H 

O 

ta) 


a 

ui 

u 

o. 

VJ 


o 

3 


J  w 

—  00 

p>  — 

cu 

O 

0* 

O) 

in 

00 

^  — 

<  a. 

•  •  • 

•  •  • 

• 

• 

•  • 

• 

• 

• 

• 

•  • 

Z  ta. 

P  t  O 

0  co  0 

in 

P“ 

CM  O 

mm 

in 

mm 

0 

00  P* 

N  W 

os  m 

P*  cu 

q 

O' 

•• 

CM 

co 

CU 

CO  SO 

ta. 

—  — 

—  «M 

•M 

— 

fa.  <n 

ta  w 


M 

00 

•  ta. 

m 

in  — 

m  —  so 

in  —  so 

m 

H 

0 

cn  w 

«  »  » 

•  •  • 

*  •  •  « 

•  •  •  • 

•  • 

q 

to  cu  cu  co  q  in  p* 

< 

p* 

Q 

0  01  in 

0  cu  in 

0  oil  in  p- 

0  cu  m  p* 

0  cu 

to 

CM  —  O  O'  00  P*  so 

mi 

•  0 

a  >- 

• 

•  ••••••• 

0  z 

(9 

to 

tOCOCOCUOJCUCUO 

z 

N 

S 

< 

z 

O  4N 

ac 

b) 

H 

H 

it  a. 

-J  fa. 

mm  mm 

so  P  P 

0  0  r*  q 

sO  so  P  — 

so  in 

* 

s 

<  w 

•  •  • 

•  •  • 

•  •  •  • 

•  •  •  • 

•  • 

5 r 

co  cu  cu  co  q  in 

* 

\r 

Z 

to  —  0 

m  0  cu 

0  s©  —  m 

O  CO  p  00 

O'  in 

to 

CU  —  O  OS  00  P*  SO 

# 

z  z 

K 

—  O' 

—  co  — 

—  P“  to  cu 

®  t  n 

O'  00 

• 

ta)  m 

ta. 

mm 

— 

— 

— 

qcocucutoqmp* 

COCU  —  OOCDP-SO 


totototocucucucuo 


000000000 

inomoinoinoo 

^inn'Osohp»8o© 

•  •••»•••• 

000000000 


o  a 

M  U 

fa.  tr 
ta.  ta) 
bJ  H 
®  Z 
O  U 
o 


m  h 

O  fa. 


in  —  »© 


in  —  so 


z 

CC  w 

0  cu  in 

0 

cu 

in 

O 

cu 

in 

p* 

0 

CM 

in 

p* 

®  M 

• 

—  ta) 

IS 

s  >- 

H  H 

z 

u 

<  <E 

cc  z 

w 

— 1  ^ 

u  — 

z 

<  H 

p* 

p* 

p- 

■q 

•q 

q 

q* 

mm 

mm 

mm 

mm 

mi  a 

►H 

*-*  ta. 

•  •  • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

9 

9 

a  oc 

z 

H  w 

OOO 

cu 

cu 

cu 

in 

m 

in 

in 

00 

00 

00 

00 

U  Q 

b) 

H 

mm 

mm 

mm  ■ 

cu 

cu 

cu 

cu 

CO 

to 

CO 

to 

0  s 

0. 

Z  X 

<  0 

® 

mm 

in 

•  • 

o  cu 


E-lll 


8*09 


Table  E-3  (Concluded) 


o 

U) 

U1 

a. 

Ui 


v0  O 

n 

J  w 

O'  r- 

o  in 

O'  'O  o 

•  • 

• 

«!  0. 

•  •  • 

•  •  • 

•  •  • 

o  o 

O' 

z  u. 

O'  60  O 

n  O'  o 

m  o* 

'O  CM 

if)  O' 

cm  r- 

u. 


H 


in 

•  (ft. 

in  — 

in  — 

m  — 

•  • 

• 

in  w 

•  •  • 

•  •  • 

•  •  • 

o  cu 

o 

O 

«  >- 
® 

9 

U  ~ 

o  oi  m 

o  oi  m 

o  Oi  m 

H 

GO  U"> 

00 

J  h* 

01  Ol 

—  oo  «- 

O  CD  CD 

•  • 

• 

•  •  • 

•  •  • 

•  •  • 

CU  OJ 

■o 

z 

>0  *  o 

If)  —  Ol 

m  co  oo 

CO  DO 

o> 

•-«  X 

>o  in 

f*  in 

r-  in  oi 

— 

(ft. 

in 

in  h» 

m  — 

m  ~ 

m  — 

•  • 

• 

O) 

o  u. 

•  ♦  • 

•  •  • 

•  •  ♦ 

O  01 

o 

• 

0C  w 

o  oi  m 

O  oi  in 

o  oi  m 

®  >- 

z 

o 

o 

J 

f-  t- 

z 

<t  H 

t-  r- 

•  • 

• 

H 

M  u. 

•  •  • 

•  •  • 

•  •  • 

o 

z 

H  w 

o  o  o 

01  CU  01 

in  in  in 

I-  t- 

O' 

u 

M 

Ol  Ol  01 

•**  wm 

0. 

Z  X 

ea 

*-« 

E-112 


between  the  blastward  face  and  the  opening,  and  an  additional  delay  may 
be  caused  if  a  door  or  window  resists  blast  entry  for  a  certain  time. 

Also,  the  user  must  type  in  the  free-field  duration  of  the  positive  over¬ 
pressure,  from  which  the  program  calculates  the  decay  of  the  outside  pres¬ 
sure  by  methods  described  in  Refs.  1  and  3.  Since  both  peak  free-field 
overpressure  and  positive  phase  duration  are  specified,  a  specific  value 
of  weapon  yield  is  tacitly  implied. 

Only  three  different  pressure-time  histories  may  be  used  in  any  one 
problem.  The  user  must  specify  the  history  appropriate  to  each  opening 
by  the  use  of  a  "location  code."  The  code  number  1  means  the  history 
contains  a  reflected  pressure  pulse  that  clears  during  the  "clearing 
time"  (which  also  must  be  specified).  The  code  numbers  2  and  3  are  both 
for  pressure-time  histories  that  have  no  reflected  pulse. 

Corresponding  to  each  location  code  number  the  user  must  specify  a 
"drag  coefficient,"  which  is  used  by  the  program  to  calculate  the  drag 
pressure  on  the  outside  wall  containing  the  opening  (methodology  is  de¬ 
scribed  in  Section  IIC3).  The  total  pressure  against  an  opening  is  the 
free-field  pressure  plus  any  pressure  increments  due  to  reflection  and 
any  increments  or  decrements  due  to  drag.  If  the  location  code  is  2  or 
3  and  the  drag  coefficient  is  zero,  the  total  pressure  is  the  free-field 
pressure  (e.g.,  a  fully  buried  structure's  cover  slab,  in  a  Mach  region). 
The  program  cannot  compute  pressure  increments  when  the  impact  of  the 
blast  wave  is  not  head-on.  The  user  must  estimate  whether  the  conditions 
of  impact  at  each  wall  of  his  problem  are  more  nearly  head-on  or  side-on. 

Referring  to  Table  E-3: 

•  The  first  two  questions  ask  for  the  outside  pressure  and  air  density 
immediately  before  the  arrival  of  the  blast  wave.  In  the  sample 
these  questions  have  been  answered  from  information  for  the  stand¬ 
ard  sea  level  atmosphere  listed  in  Table  6.1  of  Volume  1. 

•  In  the  third  and  fourth  questions  the  program  obtains  pertinent 
physical  parameters  of  the  open  shelter:  room  volume  in  cubic  feet 
and  number  of  openings  through  which  it  fills.  If  the  user  does 
not  want  translational  (jet  effect)  information  in  the  neighborhood 
of  two  or  more  openings,  and  if  these  openings  are  in  the  same  wall, 
he  should  add  their  areas  together  and  consider  the  several  open¬ 
ings  as  a  single  opening.  The  computer  output  formats  are  arranged 
for  a  maximum  of  eight  openings  but  the  program  will  accept  any 
integral  number.  The  response  to  "Number  of  openings  (not  more 
than  8)?"  must  be  an  integer,  typed  with  no  decimal  point. 
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•  In  answering  the  next  four  questions  the  user  must  enter  data 
for  each  of  the  openings  included  in  the  response  to  the  fourth 
question.  The  sequence  of  items  in  each  list  must  be  such  that 
the  openings  to  which  the  items  pertain  are  in  the  same  order 
after  each  question.  Opening  areas  are  entered  in  square  feet, 
Location  code  for  each  opening  must  be  an  integer:  1,  2,  or  3, 
typed  without  a  decimal.  Delay  in  entry  at  each  opening  is  in 
milliseconds;  in  the  absence  of  resistance  to  entry  at  the  open¬ 
ing,  the  delay  may  be  calculated  by  dividing  the  distance  to  the 
opening  (measured  along  the  line  of  blast  travel  from  the  blast- 
ward  wall)  by  the  shock  speed.  Such  a  delay  for  any  opening  in 
the  blastward  wall  will  be  zero.  Shock  speed  in  standard  air 
may  be  found  in  Table  E-4  as  a  function  of  peak  overpressure. 
Whenever  the  blast  wave  must  break  a  structure,  such  as  a  door 
or  window,  to  gain  entry  to  the  room,  a  breakage  time  delay  must 
be  included  in  the  delay  ti^e.  Breakage  time  for  ordinary  window 
glass  is  approximately  4  ms  .  An  independent  estimate  of  time  to 
failure  must  be  made  by  the  engineer  for  each  door  and  wall  sub¬ 
jected  to  blast.  Communication  distance  (eighth  question)  is  that 
distance  over  which  sound  waves  must  "communicate"  to  the  entering 
wave  the  shape  and  size  of  the  opening.  Were  there  to  be  no 
effect  on  the  blast  wave  arising  from  the  edges  of  the  aperture 

or  entry  channel,  the  entering  air  flow  would  remain  what  it  is 
initially,  that  is,  shock  afterflow.  At  free-field  overpressures 
above  about  20  psig  this  afterflow  is  usually  stronger  than  jet 
flow;  below  approximately  20  psig  afterflow  is  usually  weaker. 

The  program  interpolates  between  afterflow  and  jet  flow,  based  on 
a  "communication"  time,  or  time  to  establish  jet  flow  as  described 
in  Section  IIC1,  which  in  turn  is  based  on  the  program  user's 
input  value  of  'communication  distance."  In  the  case  of  a  simple 
opening,  this  distance  is  the  shortest  dimension  of  the  opening. 

For  baffled  openings  or  entry  channels  through  mazes  the  best 
estimate  of  communication  distance  is  the  distance  along  the  short¬ 
est  channel  into  the  room.  In  the  case  of  a  composite  opening, 
that  is,  an  opening  consisting  of  two  or  more  actual  windows  or 
other  apertures,  the  communication  distance  should  be  found  by 
averaging  the  distances  for  all  openings  included  in  the  composite 
opening.  Each  distance  is  entered  in  feet. 

•  The  ninth  question  refers  to  clearing  time  of  the  reflected  blast 
wave  from  the  blastward  face  of  the  structure.  It  is  used  in  cal¬ 
culating  the  outside  pressure  on  all  openings  assigned  location 
code  number  1.  If  there  is  no  such  opening,  any  value  whatever 
may  be  entered  for  "clearing  time."  There  will  be  no  such  open¬ 
ings,  for  example,  in  an  underground  structure.  Clearing  time 
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Table  E-4 


3|C 

SHOCK  SPEEDS  IN  STANDARD  ATMOSPHERE 


P 

Peak  Overpressure 
(psig) 


U 

Shock  Speed 
(f  ps) 


5. 

10. 

15. 

20. 

25 

30. 

50. 

100. 


1268. 

1404. 

1528. 

1714. 

1750. 

1850. 

2208. 

2917. 


*  Computed  from  the  formula  given  in  Ref.  1 


in  which  P  =14.7  psi  and  c  =  1116.  fps 
o  o 
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may  be  calculated  by  multiplying  by  three  the  shorter  of  the  fol¬ 
lowing  two  distances:  the  height  of  the  blastward  wall  or  half 
its  width;  and  dividing  the  product  by  the  free-field  shock  speed 
from  Table  E-4.  Clearing  time  is  expressed  in  milliseconds. 

•  The  computer  program  will  assign  the  three  drag  coefficients  of 
the  tenth  question  to  the  three  location  code  numbers  in  ascend¬ 
ing  order.  The  three  values  shown  in  the  tenth  question  in 
Table  E- 3  are  those  recommended  by  Ref.  1  for  the  reflecting 
blastward  wall  (location  code  1) ,  the  slab  at  ground  level  over 
an  underground  structure  (assigned  location  code  2  in  this  ex¬ 
ample),  and  the  rear  or  side  wall  of  an  above  ground  structure 
located  at  a  free-field  pressure  below  25  psig  (assigned  location 
code  3  in  this  example),  respectively.  The  recommended  values 
are:  1  for  a  front  wall,  0  for  a  ground  level  slab  in  the  Mach 
region,  and  -0.4  for  a  roof  and  walls  other  than  the  blastward 
wall . 

•  The  eleventh  and  twelfth  questions  describe  the  free-field  blast 
wave  at  the  same  range  or  position  as  the  structure.  Overpres¬ 
sure  is  in  pounds  per  square  inch  and  positive  phase  duration  is 
in  seconds.  If  weapon  yield  and  overpressure  are  known,  positive 
phase  duration  can  be  found  in  Ref.  1. 

•  The  next  seven  questions  provide  the  user  some  choice  of  output. 

By  answering  .TRUE,  to  the  thirteenth  question  "Want  peak  values 
only?",  the  program  will  omit  intermediate  values  of  inside  pres¬ 
sure  and  print  out  only  the  maximum  pressure  and  the  time  it 
first  occurs.  In  the  answer  to  the  fourteenth  question  the  user 
specifies  the  time  interval  (milliseconds)  for  which  he  wants  the 
inside  pressure.  If  the  positive  phase  duration  divided  by  the 
specified  time  interval  is  greater  than  500,  the  calculation  will 
be  stopped  before  the  end  of  the  positive  phase  duration  and  a 
warning  message  containing  the  value  of  the  time  at  the  end  of 
the  calculation  printed  out.  Ordinarily  the  user  will  have  no 
need  for  the  inside  pressure  during  the  relatively  long  outflow 
phase  and  he  may  save  computer  time  and  shorten  the  output  by 
answering  the  fifteenth  question,  "Want  decline  of  room  pressure?" 
by  typing  .FALSE.  Should  the  user  need  the  pressure  difference 
across  an  exterior  wall  (outside  face  minus  inside  face) ,  he  will 
probably' want  to  answer  the  sixteenth  question,  "Want  outside 
pressure?"  with  .TRUE.  The  pressure  difference  is  then  found 

at  any  opening  in  that  wall.  Ordinarily  dynamic  pressures  in  the 
various  openings  will  not  be  needed,  and  the  user  will  answer  the 
seventeenth  question,  "Want  values  of  dynamic  pressure?"  by 
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typing  .FALSE.  However,  the  sample  output  in  Table  E-3  contains 
dynamic  pressures  at  each  of  the  eight  specified  openings.  These 
are  "core"  values,  viz.,  dynamic  pressures  in  the  heart  of  the 
jet  just  inside  the  opening,  as  illustrated  in  Figure  E-10. 

•  The  eighteenth  question,  "Want  translation  effects?"  should  be 
answered  .TRUE,  if  the  user  wants  to  estimate  the  hazard  to  a 
shelteree,  stores,  equipment,  or  other  object  arising  from  the 
translation  of  the  object  by  the  winds  entering  through  the  open¬ 
ings  (jet  effect).  In  Table  E-3  this  question  has  been  answered 
.TRUE,  so  that  the  next  question  asks  for  the  value  of  Accelera¬ 
tion  Coefficient  of  the  object  (in  square  feet  per  slug) .  Accel¬ 
eration  coefficient  is  defined  briefly  in  Section  IIC3  and  in 
great  detail  in  Ref.  14.  Table  E-5  is  a  list  of  some  typical 
values,  particularly  those  for  a  human  body  in  various  postures 
in  relation  to  the  wind.  In  estimating  translation  hazard  to 
the  human  body  in  a  shelter  the  value  for  the  prone  body  athwart 
the  wind  stream  is  recommended:  0.708  sf/slug.  Values  for  ob¬ 
jects  not  listed  in  Table  E-5  may  in  some  cases  be  estimated  by 
the  calculations  described  in  Section  IIC3. 

When  computing  translation,  the  program  places  the  body  initially 
at  a  number  of  different  points  on  a  grid  or  coordinate  system  centered 
at  the  center  of  each  opening  and  compute  a  time-history  of  displacement 
and  speed  for  each  starting  grid  point.  The  x-coordinate  lies  in  the 
direction  of  the  wind;  the  y-coordinate  lies  in  any  direction  normal  to 
the  wind.  The  final  coordinates  and  final  speed  correspond  to  the  posi¬ 
tion  and  speed  the  unimpeded  object  has  reached  at  the  time  the  pressure 
difference  between  inside  and  outside  becomes  zero  and  the  air  flow  first 
ceases.  Since  no  decelerating  forces  are  taken  into  account,  the  reported 
speed  will  be  an  upper  limit  on  the  speed  achieved  by  an  actual  object. 


VI.  Edge  Diffraction  of  an  Acoustic  Wave 


A  weak  planar  shock  striking  a  semi-infinite  wall  head-on  can  be 
treated  approximately  as  a  self-similar  acoustic  wave  in  the  manner  demon¬ 
strated  by  Ludloff.16  By  this  means  we  can  estimate  the  pressure  distri¬ 
bution  within  an  open  room  during  the  diffraction  phase  immediately  fol¬ 
lowing  blast  arrival.  Hitherto  in  this  Appendix  we  have  tried  to  calculate 
only  an  average  air  pressure  in  the  filling  room.  Such  an  average  may  be 
grossly  inadequate  in  determining  the  interior  pressure  load  on  the  blast- 
struck  wall,  which  is  strongly  affected  immediately  after  blast  arrival 
and  long  before  the  room  fills  appreciably,  by  the  shock  front  as  it  dif¬ 
fracts  through  openings  in  that  wall. 
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Table  E-6 


TYPICAL  ACCELERATION  COEFFICIENTS14 


sf /slug 


168-lb  man: 

Standing  facing  wind  1.67 

Standing  sidewise  to  wind  0.708 

Crouching  facing  wind  0.676 

Crouching  sidewise  to  wind  0.547 

Prone  aligned  with  wind  0.203 

Prone  perpendicular  to  wind  0.708 

Average  value  for  tumbling  man  in 

straight,  rigid  position  0.966 

21-g  mice,  maximum  presented  area  12.2 

180-g  rats,  maximum  presented  area  6.12 

530-g  guinea  pigs,  maximum  presented  area  4.83 
2100-g  rabbits,  maximum  presented  area  2.54 

Typical  stones: 

0.1  g  21.6 

1.0  g  10.3 

10.0  g  4.83 

Window-glass  fragments,  1/8  in.  thick: 

0.1  g,  all  orientations  25.1 

1.0  g,  edgewise  and  broadside  to  wind  15.4-18.4 

10.0  g,  edgewise  and  broadside  to  wind  10.9-23.2 

Steel  spheres: 

1/8  in.  diameter  4.48 

1/4  in.  diameter  2.24 

7/16  in.  diameter  1.28 

1/2  in.  diameter  1.12 

9/16  in.  diameter  0.998 
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This  acoustic  treatment  is  deficient  in  several  ways.  Shock  waves 
do  not  behave  like  sound  waves  but  only  approach  acoustic  behavior  at 
low  overpressure.  However,  up  to  5  psi  free-field  overpressure  the  dif¬ 
ferences  (for  our  purposes)  are  not  serious,  and  even  above  that  level 
acoustic  behavior  is  suggestive  of  shock  behavior.  A  more  restrictive 
limitation  on  the  usefulness  of  the  acoustic  treatment  is  its  two-dimen¬ 
sionality.  We  find  here  solutions  valid  only  in  a  plane  normal  to  an 
infinite  reflecting  half-plane  and  normal  to  the  edge  of  this  half -plane. 
In  other  words,  the  influences  of  other  edges  of  the  opening  and  of  other 
walls  of  the  room  cannot  be  properly  taken  into  account.  However,  there 
may  be  situations  when  the  two-dimensional  acoustic  solution  presented 
here  will  give  useful  insight  into  the  shock  pressure  distribution  on  the 
inside  of  a  blast-struck  wall  during  the  critical  period  immediately 
after  blast  arrival  when  the  exterior  air  pressure  load  on  the  wall  is 
at  its  peak. 

The  derivation  that  follows  requires  an  understanding  of  the  theory 
of  functions  of  a  complex  variable.  Reference  29  can  provide  guidance 
to  a  reader  unfamiliar  with  the  subject.  The  reader  not  wishing  to  pursue 
the  derivation  appearing  below  may  turn  immediately  to  Figure  E-27,  where 
the  results  of  the  calculation  will  be  found  in  graphic  form.  A  numerical 
example  illustrating  the  use  of  Figure  E-27  follows  the  figure. 

In  the  acoustic  approximation,  all  disturbances  of  effects  are  as¬ 
sumed  to  be  propagated  with  sound  speed.  Thus,  after  the  incoming  wave 
front  strikes  the  semi-infinite  wall,  the  influence  of  the  edge  will  be 
felt  only  within  a  cylinder  whose  axis  is  the  edge  and  whose  radius  is 

c  t 

where  c  is  sound  speed  and  t  is  elapsed  time  after  initial  impact. 

If  a  Cartesian  coordinate  system  is  placed  so  that  the  edge  of  the  semi¬ 
infinite  plane  becomes  the  z-axis  and  the  negative  y-axis  lies  in  the 
plane,  the  location  of  the  circle  of  influence  of  the  edge  is 

2  2  2  2 
x  +  y  =  c  t 

and  the  equation  satisfied  by  the  overpressure  p  is 


d*  9y 


2 

—  S_E 
2  2 
c  at 


(84) 


The  orientation  of  the  circle  and  the  wall  is  shown  in  Figure  E-24.  If 
a  change  of  variables  is  made: 

*  Which  is  assumed  constant  throughout  the  calculation.  In  an  actual 
blast  the  temperature  -  and  hence  the  sound  speed  -  will  change  from 
time  to  time  and  place  to  place. 
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X 


(85) 


„  =  and  tan  6  =  i  =  2 

ct  x  a 


then  in  the  new  coordinates  (7j,  a,  9)  the  disturbance  is  confined  to  a 
circle  of  unit  radius.  If,  further,  radii  are  changed  in  scale  according 
to  the  formula: 


1  +  (1  - 


2  1/2 
r  ) 


(86) 


2  2  2 

where  p  is  the  new  radius  and  r  =  +  ct  ,  then  the  equation  satisfied 

by  p  in  the  cylindrical  polar  coordinates  (p,  9)  can  be  written 


(87) 


This  is  Laplace's  equation  and  is  satisfied  by  the  imaginary  component  of 
any  analytic  function  of  the  complex  variable. 


In  the  case  of  edge  diffraction  of  a  weak  shock  this  method  yields  a  solu¬ 
tion  for  0  <  r  <  1  (or  0  ^  p  ^  1) .  The  angle  0  lies  in  the  range 

-• rr/2  <  0  ^  3tt/2,  as  illustrated  in  Figure  E-24.  The  origin  of  coordinates 

labeled  0. 


The  boundary  conditions  are  determined  by  physical  considerations. 
Because  the  acoustic  Eq.  (84)  or  (87)  is  linear,  the  incident  overpres¬ 
sure  may  be  taken  as  unity  and  the  pressure  reflected  from  the  wall,  as 
2.  The  overpressure  in  the  undisturbed  air  is  of  course  zero.  These 
conditions  imply  the  following  pressure  values  on  the  circumference  of 
the  circle  of  influence: 


-  -  9  <;  o 

2 


o  £  6  <;  tt 
TT  ^  9  ^  ~" 


p  =  0 


\ 


P=1  J 

p  =  2  r 


(88) 


Outside  the  circle  pressure  takes  on  uniform  values  within  certain  areas, 
as  marked  in  Figure  E-24. 
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FIGURE  E-24  BOUNDARY  CONDITIONS  ON  CIRCLE  OF  INFLUENCE 


Potential  theory  guarantees  that  there  is  only  one  pressure  distribution 
within  the  unit  circle  that  satisfies  Eq.  (87)  and  meets  the  foregoing 
boundary  conditions.  Equation  (87)  will  be  satisfied  by  any  distribution 
function  that  is  analytic. 

A  further  transformation  of  variable  will  make  the  choice  of  the 
correct  pressure  distribution  function  clear.  Let  w  be  a  complex  variable 
defined  by: 


where  R  = 


1/2 

P 


and 


(89) 


In  the  w-plane,  the  unit  circle  of  influence  becomes  a  semicircle  of 
radius  1;  the  back  side  of  the  wall  lies  along  the  line  §  =  0  while  the 
front  side  falls  along  §  =  n.  The  line  0  =  0  in  the  £-plane  rotates  to 
5  =  rr/4  and  the  line  0  =  tt  is  found  along  $  =  3n/4.  Thus  in  the  w-plane 
the  boundary  conditions  on  the  semicircle  R  =  1  become 


E-121 


p  -  0 


p  =  1 


P  =  2 


0  ^  - 
4 


TT  3TT 

-  s  5  <;  — 
4  4 


^  ^  TT 


Any  analytic  function  of  w  will  also  be  an  analytic  function  of  Q. 

rri/4 

The  function  w  -e  is  represented  by  the  line  BA  in  Figure  E-25 
and  its  argument  by  the  angle  a-  When  A  falls  on  the  unit  circle,  a 
increased  discontinuously  from  — n/4  to  3tt/4  as  A  moves  counter-clockwise 
through  the  point  B.  The  function  w  - e 5tt1/4  j_s  continuous  within  and  on 
the  upper  semicircle  DBE.  Furthermore  the  included  angle  y  is 

Y  =  a  +  3 


.  TT  .  5n 

14  1  4 

where  Arg  w  -  e  -  -  a  and  Arg  I  w  -  e 

TT 

EB,  y  =  -.  Hence  the  function 
2 


But  along  the  arc 


^  1  I  .  w  -  e 

fl  =  Tt  |  ArS  - 

\  L-  w  -  e 


is  zero  along  EB  and  one  along  BD. 

By  a  similar  argument  based  on  Figure  E-26  it  is  clear  that  the 
function 


11  w  -  e  TT 

f2  =  T  |Arg  - YT'I 

'  w  -  e  4“ 


is  zero  along  the  arc  EB '  and  one  along  B'D. 
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W-PLANE 


FIGURE 


FIGURE  E 


I 
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COMPUTATION  OF  ARGUMENT 


w 


[_w 


e57Ti/4' 

e7^4 
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Thus  the  sum 


meets  the  required  boundary  conditions  along  the  semicircle  EBD  in  the 
w-plane .  But 


is  analytic  in  w  and  z  and  since  f  +  f  in  Eq.  (91)  is  evidently  the 
imaginary  part  of  F(w) ,  Eq .  (91)  provides  the  sought-for  expression  giving 

the  pressure  distribution  within  and  on  the  circle  of  disturbance  p  =  R  =  1 . 

Equation  (91)  can  be  written  as 


The  denominators  of  the  four  arctangents  in  Eq.  (92)  have  real  roots  in  the 
range  0  ^  ^  rr when  p  ^  1/2;  and  care  must  be  taken  to  evaluate  the  in¬ 

verse  functions  in  such  a  way  that  p  is  continuous  within  the  unit  circle. 

There  are  no  zeros  in  the  denominators  when  n  <  —  . 

M  2 
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0  and 


11  E  °OS  #1  +  J2 


E  C°S  *2  "  J2  m  ° 


3tt  .  , 

then  —  ^  ^  TT 

4  1 


x  17 

and  0  ^  ^  — 

2  4 


If  the  FORTRAN  algorithm  is  used  to  evaluate  the  arctangent  terms  in 
Eq .  (92)  then  for 


$  >  $  and  R  > 

2  a/2 


the  second  term, 


tan 


-i  / 11  sln  { *  ,/s 

1 

R  cos  $  - 

^2 


can  be  increased  by  tt,  and  the  third  term 


tan 


-i  i  B  sin  1  ~  J 


R  cos  $  - 


must  be  decreased  by  tt,  or  the  sum  in  Eq .  (92)  increased  by  2rr.  When 

1  . 

$  >  and  R  >  we  must  add  another  2tt  to  keep  the  expression  for  p 

continuous  and  insure  the  existence  of  its  derivatives. 

In  order  to  assure  continuity  with  respect  to  radius  the  foregoing 
choices  limit  the  arctangents  to  certain  quadrants  where  radius  R  is  such 

that  no  zeros  in  the  denominators  exist,  i.e.,  when  R  <  — .  Thus,  since 
we  have  chosen  to  add  tt  to 


tan 


-1  I  R  Sl°  1  *  ,/2 


R  cos  I  - 


s 
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for  $  >  §  and  R  >  — ,  we  must,  when  using  the  FORTRAN  algorithm,  add  rr 

£  £  1 
to  the  same  inverse  tangent  for  all  $  when  R  <  —  in  order  to  place  the 

2 

angle  computed  in  the  second  quadrant.  Similarly,  by  subtracting  tt  from 


R  sin  $  - 


R  cos  $  - 


1  tt 

when  $  >  $  and  R  >  -  we  are  placing  the  arctangent  in  the  range  -  to 

2  2  2 

-  tt;  hence  the  same  function,  when  R  <  -,  must  be  computed  in  the  same 

range  by  subtracting  tt  from  the  angle  as  computed  by  FORTAN.  When  R  <  — 

the  denominator 


R  cos 


$  + 


1 


is  always  positive  and  when  R  C  -  the  FORTRAN  choices  of  quadrant  for  the  two 

arctangents  containing  it  are  consistent  with  those  for  R  >  — . 

2 


Pressure  contours,  located  as  outlined  above,  are  shown  in  Figure 
E-27,  in  which  the  planar  acoustic  front  is  moving  from  left  to  right 
past  the  parallel  wall  shown  as  the  heavy  vertical  line  in  the  lower 
center  of  the  Figure.  The  reflected  wave  is  moving  right  to  left  off 
the  wall  (lower  left);  the  incident  wave  (upper  right)  has  passed  the 
wall.  The  zone  of  influence  of  the  edge  is  a  circle  centered  at  the 
edge . 


Numerical  Example  No.  7  (Pressure  Distribution  over  a  Wall  Near  an 
Edge) .  Consider  a  large  opening  in  a  wall  struck  head-on  by  a  5-psig 
blast  wave.  Taking  time  t  =  o  at  the  moment  of  impact ,  we  estimate  the 
pressure  history  over  the  inside  and  outside  surfaces  of  the  wall  along 
a  line  normal  to  any  edge  of  the  opening.  Standard  atmospheric  conditions 
are  assumed  to  prevail  inside  and  outside  the  wall  before  blast  arrival. 
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90° 


FIGURE  E-27  PRESSURE  CONTOURS  WITHIN  CIRCLE  OF  INFLUENCE 
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The  extent  of  the  ■penetration  y  of  the  shook  front  is  estimated 

* 

from  the  speed  of  sound 

c  =  1116  fps 

so  that  y  =  at  =  1116  t. 

At  t  =  10  ms3  for  example 3  a  distance  of  11.2  ft  along  the  wall  inside 
the  opening  has  been  affected  by  the  entering  blast.  The  pressure  dis¬ 
tribution  within  that  11.2  ft  can  be  found  by  reference  to  Figure  E-27 3 
in  which  the  outermost  (circular)  contour  now  corresponds  to  11.2  ft. 

The  pressure  along  the  lower  right  quadrant  of  that  contour  is  zero.  At 
a  distance  from  the  edge  of  the  opening  equal  to  10.7  ft  the  pressure  is 
0.1  x  5  =  0.5  psig.  This  is  where  the  0.1  contour  intersects  the  wall. 
At  5.68  ft  from  the  edge  the  pressure  at  t  =  10  ms  is  0 . 5  x  5  =  2. 5  psig3 
as  given  by  the  intersection  of  the  0.5  contour  and  the  wall.  Outside 
the  wall  these  same  contours  are  associated  with  pressures  less  than  the 
pressure  prevailing  outside  after  reflection 3  that  is3  outside  the  wall 
the  0.1  contour  becomes  the  2-  0.1  =  1.9  contour 3  so  that  the  pressure 
difference  across  the  wall  at  t  =  10  ms  and  y  =  10.7  ft  is  (1.9  -  0.1)  x 
5  =  9.0  psig.  Beyond  the  circle  of  influence 3  for  example  at  y  =  12 3 
the  pressure  difference  is  (2.0  -  0.0)  x  5  =  10.0  psig. 


*  Calculated  in  numerical  Example  No.  4. 
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NOTATION 


A  Area 

A  An  additive  term  appearing  in  Eq .  (5) 
o 

B  Constant  equal  to  various  functions  of  y  and/or  of  interior 
and  exterior  conditions,  appearing  in  Eq.  (5) 

b  Half  width  of  jet  mixing  zone 

b  Maximum  width  of  jet  core 
o 

C  Constant 

C  Drag  coefficient 
d 

c  Speed  of  sound  in  air 

c  Speed  of  sound  in  the  standard  atmosphere 

o 

c  Specific  heat  at  constant  volume  for  air 
v 

D  Diameter 

F  Numerical  factor  for  consistency  of  units 
I  Integral 

I  Impulse 

K  Discharge  coefficient 
L  Linear  dimension 

l  Distance  along  jet  axis  measured  from  opening 

l  Distance  of  travel  along  pipe 

*  Numerical  subscripts  may  be  used  with  variables  to  refer  to  a 
particular  space  or  volume;  see  Preface. 


Mass  of  object 


M  Constant 

m  Mass  of  air 

Am  Increment  of  air  mass  corresponding  to  time  increment  At 

P  Air  pressure 

P'  Air  pressure  during  immediately  preceding  time  step 

P..  Peak  overpressure  outside  front  or  first  wall 
lo 

P„  Total  overpressure  outside  rear  wall 
lr 

P  Sum  of  dynamic  and  side-on  air  pressure  at  time  t 
c  c 

P^  Free-field  dynamic  pressure 

P  Dynamic  pressure  in  blast  wave  at  time  t 
dc  c 

P,  Peak  dynamic  pressure  in  blast  wave 
do 

P  Ambient  air  pressure 

o 

P  Reflected  pressure  at  a  wall  struck  by  blast  wave 

Pg  Free-field  side-on  overpressure 

P  Free-field  side-on  blast  overpressure  at  time  t 
sc  c 

P  Free-field  peak  side-on  overpressure 

so 

p  Overpressure 

q  Dynamic  pressure  of  air 

q  Dynamic  pressure  of  air  in  jet  core 

core 

q  (Spatial)  average  dynamic  pressure  in  jet  at  one  cross  section 

R  Gas  constant  for  air  (See  Ref.  5) 

R  Radius  of  jet  of  streming  air 
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Re  Reynolds  number 

2  2  1/2 

r  Radial  coordinate,  i.e.,  r  =  (T|  +  a  ) 

r  Radial  coordinate  measured  from  axis  of  jet 

r  Ratio  of  pressures 

S  Specific  entropy  of  air 

AS  Increment  of  entropy 

s  Wall  dimension  used  to  compute  clearing  time 
s  Distance 

T  Absolute  temperature 

T  Time  of  passage  of  sound  across  object 

AT  Filling  time  or  interval  between  first  arrival  of  blast  and 

achievement  of  pressure  equilibrium 

t  Time  measured  from  first  arrival  of  blast  at  structure 

t  Clearing  time  of  structure  in  blast  wave 

c 

t  Duration  of  positive  side-on  overpressure 

o 

t^  Time  required  to  establish  jet  flow  through  an  opening 

At  Increment  of  time 

U  Blast  front  speed 

u  Particle  speed  of  air 

u  Air  particle  speed  along  jet  axis 

m 

u  Air  particle  (wind)  speed  in  jet  core 
o 

V  Volume  of  room  or  other  space  to  be  filled 
AV  Increment  of  air  volume 
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v  Speed  of  object  in  air  stream 
x  Cartesian  coordinate 

y  Cartesian  coordinate 

y  Unknown  variable  in  Eq .  (5) 

y  Distance  from  outer  jet  boundary  along  normal  to  jet  axis  to 

point  within  mixing  zone 

y  A  specific  solution  of  Eq.  (5),  i.e.,  y  -  0.1912 
o  o 

i<5 

w  Complex  variable  Re 

Aw  Energy  increment 

a  Angle  in  complex  w-plane 

a  A  certain  function  of  y 

a  Angle  between  outer  jet  boundary  and  jet  axis 
p  Angle  in  complex  w-plane 

Y  Ratio  of  specific  heat  at  constant  pressure  to  specific  heat 
at  constant  volume 

Y  Angle  in  complex  w-plane 

A  Correction  term  applied  to  momentum  balance  associated  with 

one  control  surface 

~j  0 

^  Complex  variable  p  e 

X  Coefficient  of  resistance  to  flow  in  pipes 
7]  Viscosity  of  air 

7]  Coordinate  of  point  in  jet  mixing  zone;  equal  to  y/b 

Tj  Time  independent  coordinate,  i.e.,  7]  =  y/ct 

0  Angle  between  inward  normal  to  surface  and  the  positive 
direction  of  the  x-axis 
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9  Angular  coordinate,  i.e.,  tan  0  =  y/x 


0  Ratio  between  temperature  in  jet  core  and  that  in  room 
p  Density  of  air 

p  Reduced  radial  coordinate 

p"  Air  density  during  immediately  preceding  time  step 

p  Air  density  in  jet  core 
rcore 

p  Ambient  air  density 
ro 

p  Density  of  water 
w 

cr  Time  independent  coordinate,  i.e.,  cr  =  x/ct 

T  Time  required  to  transmit  a  sound  signal  over  the  longest 
room  dimension 

it  Ratio  of  circumference  to  diameter  of  circle 
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for  5,  10  and  20  psl  on  two  buildings  ("open"  shelter),  and  20  and  30  psl  on  two  for  5,  10  and  20  psi  on  two  buildings  ("open"  shelter),  and  20  and  30  pal  on  two 

others  of  the  four  buildings  ("closed"  shelter).  Floor  plans  show  both  original  others  of  the  four  buildings  ("closed"  shelter).  Floor  plans  show  both  original 

layouts  and  slanting  layouts,  with  the  latter  keyed  to  tables  showing  the  specific  layouts  and  slanting  layouts,  with  the  latter  keyed  to  tables  showing  the  specific 

modifications  and  the  additional  estimated  cost  of  each.  modifications  and  the  additional  estimated  cost  of  each. 

The  second  part  of  the  report,  entitled  Appendix  E  (Room  Filling  from  Air  Blast),  The  second  part  of  the  report,  entitled  Appendix  E  (Room  Filling  from  Air  Blast), 
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